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A b s t r a c  t
T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  has been used t o  s t ud y  
g r a i n  bo undar y  s t r u c t u r e  and d i s l o c a t i o n  r e a c t i o n s  in 
a n n e a l e d  pure  n i c k e l  s h e e t s .  In  s i i  g h t l y  a n n e a l e d  n i c k e l ,  
the di s i o c a t  i on c o n t e n t  and di  s t r  i bu t  i on in g r a  i n boundar  i es  
were -found to  be random. A- f ter  a n n e a l i n g  a t  8 0 0 ° C ,  a 
t e m p e r a t u r e  wi t h i n  the r e c o v e r y  and r e c r y s t a l l  i z a t i o n  s t a g e , 
the m a j or  i t y  o-f g r a i  n boundar  i es c o n t a i  ned pe r  i odi  c a r r a y s  
o-f d i s l o c a t i o n s .  The hexagonal  d i si  o c a t  i on n e t w o r k s  w i t h  
B u r g e r s  v e c t o r s  o-f the t yp e  o-f a / 6  < 112> were -found in a 
1a rge  number o f  twi  n boundar  i e s . The or  i g i n and the  
f o r m a t i o n  mechan i sms o f  t h i s  conf  i g u r a t  i on a r e  d i s c u s s e d .
The i n c o r p o r a t  i on o f  a bs or be d l a t t i c e  d i s i o c a t  i ons in 
the bo undar y  dur  i ng a n n e a l i  ng was f oun d t o  oc cur  e i t h e r  by a 
d i s s o c i a t i o n  r e a c  t i on or  by the di s i o c a t  i on s t r a i n  f i e l d  
i n t e r a c t  i ng w i t h  the p r e - e x  i s t  i ng DSC di s i o c a t  i on n e t w o r k s  
f o i l  owed by a r e ar r an ge m en  t  o f  the i r  1 i ne d i r e c  t i ons 
p a r a l 1e 1 t o  the p r e - e x  i s t  i ng DSC di s i o c a t  i o n s . By both  
mechan i sms the long r ange  s t r a i  n f i e l d s  o f  the  abs or be d  
l a t t i c e  di  s i o c a t  i ons can be r e d u c e d .
The di s i o c a t  i on s t r u c t u r e  o f  s e v e r a l  n e a r - c o i  nc i dence  
boundar  i es was c h a r a c  t e r  i zed in d e t a i 1 i n c l u d i n g  the  
mi sor  i e n t a t  i on ax i s / a n g l e , the or  i en t a t  i on o f  the  boundary
p l a n e ,  the l i n e  d i r e c t i o n s  and the B u r g e r s  v e c t o r s  o-f the  
g r a i n  boundar y  di  s i o c a t  i on s .  The bo undar y  s t r u c t u r e  is  
i n t e r p r e  t ed  by the CSL t h e o r y  and the DSC m o d e l . F r i n g e s  
p a r a l l e l  to  a <110> d i r e c t i o n  were  a l w a y s  o b s e r v e d  in the  
ne ar  S3 b o u n d a r i e s  w i t h  c l o s e l y  spaced hexagonal  d i s l o c a t i o n  
n e t w o r k s  < <15 nm) . The - f r i n g e s  were r e s u l  t e d  -from the  
o v e r l a p  o-f s t r a i n  c o n t r a s t  and i n ter - f  e r en c e  s t r a i n  c o n t r a s t  
and n ot  r e l a t e d  t o  the r e a l  boundar y  s r u c t u r e .
The overwhelmi  ng m a j o r i t y  o-f the  g r a  i n boundar  i es in 
n i eke 1 a n n e a l e d  a t  1000°C were c o h e r e n t  t w i n  boundar  i e s .
Twi n bo undar y  p 1 anes were  -face t e d  in coi  nc i dence  
o r i e n t a t i o n s  such as < 1 i 1 >,  <11 2> ,  <11 3> ,  < 1 3 3 > , <122> or  
< 115> . Atom d i sp 1 acemen t s  -from t h e i r  co i nc i dence pos i t i ons 
were o b s e r v e d  in a l 1 n o n -  <111> p i a n e s  by the  di  s p la ce men t  
• f r inge  t e c h n i q u e .
x
Chapter  I I n t r o d u c t i  on
The s t r u c t u r e  and b e h a v i o r  o f  g r a i n  boundar  i es i s  a 
v e r y  a c t i v e  a r e a  o f  i n t e r e s t  because the i n f 1uence o f  g r a i n  
boundar  i es on the  p r o p e r t  i es o f  p o l y c r y s t a l l i n e  m a t e r i a l s  is  
v e r y  s t r o n g .  M a t e r i a l s  s c i e n t i s t s  have 1ong been aware t h a t  
t h e r e  i s  much t o  be 1 e a r n e d  abou t the behav i or  o f  g r a i n  
b o u n d a r i e s  f rom a d e t a i l e d  u n d e r s t a n d i  ng o f  t h e i r  s t r u c t u r e . 
For  e x a m p l e ,  g r a  i n boundary  s i i  d i ng i s  an i mpor tan t 
mechanism o f  c r e e p  i n t e r g r a n u 1a r  f r a c t u r e *  in m e t a l s  and 
cerami  c s .  Recent  s t u d i  es  <1) have shown t h a t  the g r a i  n 
bo undar y  s t r u c t u r e  a f f e c t s  s i i  di ng ,  and c r ee p  i n t e r g r a n u 1ar  
f r a c t u r e  p r e f e r e n  t i a l 1y t a k e s  pi ace on " g e n e r a l " boundar  i e s , 
w h e r e a s  g r a  i n boundar  i es  w i t h  1ow a n g l e , co i nc i dence and 
s l i g h t l y  o f f - c o  i nc i dence o r i e n t a t i o n s  a r e  r e s i s t a n t  to  
s l i d i n g  or  c r e e p  i n t e r g r a n u 1ar  f r a c t u r e .
G r a i n  boundar y  s e g r e g a t i o n  has been pr opos ed t o  be the  
main cause o f  g r a i  n boundar y  embr i 1 1 1ement ( 2 ) .  R ec e n1 1y ,
Roy e t  a l . ( 3 )  s t u d i e d  the c o r r e 1 a t  i on between g r a  i n 
bo undar y  e m b r i t t l e m e n t  and the atomi  c s t r u c  t u r e  of  
b o u n d a r i e s  in a C u - O . i X  Bi a l l o y .  They f oun d t h a t  the l e a s t  
e m b r i t t l e d  b o u n d a r i e s  a r e  those o f  l o w e s t  e n e r g y ,  and t h a t  
the more a boundar y  dev i a t e s  f rom an e x a c t  1ow e n e r g y  
o r i e n t a t i o n ,  the more e m b r i t t l e d  the boundar y  becomes.  
D i f f e r e n t  low e n e r g y  b o u n d a r i e s  a r e  e m b r i t t l e d  t o  v a r y i n g
2e x t e n t s ,  and t h i s  s u g g e s t s  s e g r e g a t  i on o-f i m p u r i t i e s  t o  a l l  
low e n e r g y  b o u n d a r i e s .  The de gr ee  o-f s e g r e g a t  i on is  
d i f f e r e n t ,  h o w e v e r , f o r  d i f f e r e n t  low e n e r g y  b o u n d a r i e s  and 
i s  dependent  on the boundar y  s t r u c t u r e . The dependence o f  
the de gr ee  o f  e m b r i t t l e m e n t  on the d e v i a t i o n  f rom a 1ow 
e n e r g y  or  i e n t a t  i on r e  1 a t  i onsh i p may be u n d e r s t o o d  in terms  
of  I m p u r i t y  s e g r e g a t i o n  a t  and ne ar  g r a i n  boundar y  
d i s i o c a t  i o n s . The i mpur i t i e s  f or m impur i t y  c 1ouds or  
a tmo s ph er es  a l o n g  the d i s i o c a t  i ons and the over  1app i ng o f  
the i m p u r i t y  c l o u d s  enhances the ease o f  c r a c k  n u c l e a t i o n  
and p r o p a g a t  i on a l o n g  the i n t e r f a c e .
R e c e n t l y  Chou e t  al  <4) s t u d i e d  g r a i n  boundary  
harden i ng in n i ob i urn bi c r y s t a l s  by mi c r o h a r d n e s s  
measuremen t s . The boundary  harden i ng was f oun d t o  be 
or  i en t a t  i on dependen t and r e l a t e d  t o  boundar y  e n e r g y . For  
low a n g l e  boundar  i e s , the harden i ng v a r  i es 1 i near  1y w i t h  
mi sor  i e n t a t  i o n , the r e l a t  i onsh i p be i ng o f  the Read-Shock 1ey 
t y p e . For h i gh  a n g l e  boundar  i e s , h ar d n e s s  min i ma ( c u s p s )  
were  o b se r v e d  ne ar  co i nc i dence s i t e  l a t t i c e  boundar  i e s .
Recen 1 1 y , i n t e r e s t  in the s t r u c t u r e  and e l e c t r  i ca l  
p r o p e r t i e s  o f  g r a  i n boundar  i es in sem i condue t o r s  has been 
s t  i mu 1a t e d  by the need f o r  1ow c o s t , l a r g e  a r e a  dev i ces  such 
as s o l a r  c e l l s  and d i s p 1 ays ( 3 ) .  G r a i n  boundar  i es can 
i n f 1uence the p e r f o r m a n c e  o f  s o l a r  c e l l s  in s e v e r a l  w a y s , 
e . g . ,  by a c t i n g  as recomb i n a t  i on c e n t e r s  f o r  c a r r  i e r s  and 
t h e r e b y  d e c r e a s i n g  the s h o r t  c i r c u i t  c u r r e n t ,  or by a c t i n g
3as fthuntft whIch reduce  the o p e n - c I r c u  i t v o l t a g e .  In  
a d d i t i o n ,  g r a i n  b o u n d a r i e s  may cause a l o c a l  i n c r e a s e  in the  
r a t e  o-f d i - H u s t o n  o-f do pa nt s  or  t hey  may i n t e r a c  t w i t h  
r e s i  dual  impur i t i e s . In g e n e r a l  , the pr es en ce  o-f g r a i  n 
b o u n d a r i e s  i s  l i k e l y  t o  de c re as e  the e - f - f i c i e n c y  o-f a sol  ar  
cel  1 . But in commerc i al  v a r i s t o r s  the pecul  i a r  I - V  
c h a r ac  t e r  i s t  i cs o-f g r a i n  b o u n d a r i e s  a r e  a c t u a l l y  used  
a d v a n t a g e o u s l y  < 6> . 11 has been -found t h a t  g r a i  n boundar  i es  
in the same m a t e r i a l  can v a r y  w i d e l y  in the i r  e 1e c t r  i cal  
p r o p e r  t i e s , and s t u d i  es o-f Si <7> have shown t h a t  t hese  
p r o p e r t i e s  a r e  i n-f 1 uenced by both  boundar y  s t r u c t u r e  and 
composi t i o n .
In v i e w  of  the c l o s e  r e l a t i o n s h i p  between g r a i n  
boundar y  s t r u c t u r e  and p r o p e r t i e s ,  a f und ame nt a l  
u n d e r s t a n d i n g  o f  g r a  i n boundary  s t r u c  t u r e  and behav i or  i s  
n e c e s s a r y . In r e c e n t  y e a r s , the t h e o r  i es o f  g r a  i n boundary  
s t r u c t u r e  in m a t e r  i a l s  have been w e l l  de sc r  i b e d , h o w e v e r , 
the e x p e r i m e n t a l  e v i d e n c e  i s  s t i l l  not  enough.  The p r e s e n t  
s t u d y  d e a l s  w i t h  the s t r u c t u r e  o f  boundar  i es in n i eke 1 .
Ni eke 1 i s  a maj or  component o f  h i gh  t e m p e r a t u r e  m a t e r  i a l s  
such as s t a i n l e s s  s t e e l  and s u p e r a l l o y s ,  the s t u d y  o f  g r a i n  
boundar y  s t r u c t u r e  and b e h a v i o r  in n i c k e l  i s  of  m a j or  
t e c h n o l o g i c a l  i m p o r t a n c e .
The purpose o f  the p r e s e n t  r e s e a r c h  i s  t o  use 
t r a n s m i s s i o n  e l e c t r o n  m i croscopy<TEM) to  s t u d y  the changes  
In g r a i n  boundary  »ruc t u r e  in n i c k e l  w i t h  di f f e r e n t
4a n n e a l i n g  t e m p e r a t u r e s ,  the d i s l o c a t i o n  r e a c t i o n s  in g r a i n  
b o u n d a r i e s ,  the  i n c o r p o r a t i o n  o-f a bs or be d l a t t i c e  
d i s l o c a t i o n s  in g r a i n  b o u n d a r i e s ,  and t o  examine the  
u a l l d l l i t y  o f  the t h e o r  i es o f  g r a i n  boundar y  s t r u c t u r e  such 
as the CSL t h e o r y  and the  DSC m o d e l .
Chap t e r  11 L i t e r a t u r e  Rev i ew
G r a i n  b o u n d a r i e s  can be c l a s s i f i e d  as low or  h i gh  
a n g l e .  The s t r u c t u r e  of  a low a n g l e  g r a i n  b o u n d a r y , where  
the angl® o f  m i s o r i e n t a t i o n  i s  l e s s  than 1 0 - 1 5 ° ,  c o n s i s t ®  of  
per  I o d l c  a r r a y ®  o f  d i s l o c a t i o n ®  c h a r a c t e r i s t i c  of  the m a t r i x  
< 8 - 1 0 ) .  These d i s i o c a t  i ons a r e  now termed pr  i mary i n t r i n s i c  
g r a i n  boundar y  d i s i o c a t  i o n s , a l t h o u g h  t h e r e  have o t h e r  terms  
w i d e l y  used in the l i t e r a t u r e .
The s t r u c t u r e  o f  h i gh  a n g l e  g r a i n  boundar  i es < > " 1 5 ° )  i s  
b e l i e v e d  t o  be p e r i o d i c  r a t h e r  than amorphous,  and K ronbe rg  
and W i l s o n  < 1 1 ) ,  and l a t e r  s e v e r a l  o t h e r  w o r k e r s  < 1 2 - 1 5 ) ,  
d e v e l o p e d  the concep t  o f  the coi  nc i dence s i t e  l a t t i c e  < CSL) 
a® a c o n s t r u c t  f o r  d e s c r  i b i ng t h e i r  s t r u c t u r e .  The u n i t  c e l l  
o f  the CSL i s  l a r g e r  than the u n i t  ce l  1 o f  the l a t t i c e s  
f o r m i n g  the b i c r y s t a l  and the CSL r e l a t i o n s h i p  i s  
c h a r a c t e r i z e d  e i t h e r  by Z , the r e c  i p r o c a l  densi  t y  o f  the  
c o i n c i d e n c e  l a t t i c e  p o i n t s ,  or  s I m p 1y by the a x i s  and a n g l e  
o f  mi sor  i e n t a t  i on < 1 2 ) .  A c c o r d i n g  to  the CSL c onc ept  <11)  
and the d i s l o c a t i o n  model < 1 0 ) ,  a h i gh  angl® boundar y  w i t h  a 
m i s or  i en t a t  i on s i i  gh 1 1y dev i a t  i ng f rom a spec i al  or  i en t a t  i on 
o f  h i gh symmetry can m i n i m i z e  i t s  e n e rg y  by i n t r o d uc  i ng 
a r r a y s  o f  g r a i n  boundar y  d i s l o c a t i o n s  which  acommodate the  
d i f f e r e n c e  in m i sor  i en t a t  i on be tween the s p e c i a l  or  Ien t a t  I on 
and the a c t u a l  or  i e n t a t  i o n . The®e k i n d s  o f  d i ® 1 © e a t i © h i  a r t  
r e f e r r e d  t o  as s e c o n d a r y  i n t r i n s i c  g r a i n  boundary
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6d i s l o c a t i o n s .  The s e c o n d a r y  i n t r i n s i c  g r a i n  boundary  
d i s l o c a t i o n s  a r t  s t r u c t u r a l  d e f e c  t s  w i t h  no long range  
s t r a i n  - f i e l d s  and a r e  per-f ec t di  si  o c a t  i ons because t h e i r  
mouement In the boundar y  plan© l e a v e s  the i n t e r f a c e  
s t r u c t u r e  u n c h an g ed . Bol lmann <16)  d e v e 1 oped a 
c r y s t a l  1 ograph i c t h e o r y  o f  g r a i n  boundar  i es known as the  
O - l a t t i c e  t h e o r y . The bas i s o f  the t h e o r y  i s  t h a t  i n t e r f a c e s  
a r e  o r d e r e d , and the o r d e r  in i n t e r f a c e s  need not  be based  
on the CSL, the e x i s t e n c e  o f  which i s  a d i s c o n t i n u o u s  
f unc  t i on o f  or  i e n t a t  i o n . B o l l m a n n ' s  t h e o r y  i s  a g e o m e t r i c a l  
a pproach which uses m a t r i x  methods f o r  c a l c u l a t i n g  the  
c r y s t a l  1 ograph i c s t r u c t u r e  o f  i n t e r f a c e s ,  the permi ssi  b l e  
B u r g e r s  vec t o r s , and the  l i n e  d i r e c  t i ons o f  the p e r f e c t  
i n t e r f a c  i al  di  s i o c a t  i ons between two a r b i  t r a r y  c r y s t a l s  a t  
any mi sor  i e n t a t  i o n . In  the  0-1 a t t  i ce t h e o r y , the CSL concept  
i s  g e n e r a l  1 i zed t o  i n c 1ude the co i nc i dence o f  e q u i v a l e n t  
p o i n t s ,  l i n e s ,  or p 1a n e s . Such co i nc i dences a r e  c a l l e d  
0 - p o i n t s ,  0-1 i n e s , and 0 - p 1a ne s ,  r e s p ec  t i v e 1y , and a r e  
r e g i  ons o f  e x a c t  match i ng between two i n t e r p e n e t r a t  i ng 
c r y s t a l  l a t t i c e s .
The 0 - p o i n t s  ar© or  i g i ns w i t h  r e s p e c  t t o  which the two 
c r y s t a l  l a t t i c e s  a r e  r e l a t e d  by a pa r  t i c u 1a r  t r a n s f o r m a t  i o n . 
Cons i der  i ng 1 a t  t i ces 1 and 2 ,  the p o i n t  t o  p o i n t  c o r r e 1 a t  i on 
be tween them may be wr i t ten as
X 2 -  CA] X,
7where Xi  and X2 a r e  v e c t o r s ,  e x p r e s s e d  in the c o o r d i n a t e s  o-f 
l a t t i c e s  1 and 2 ,  c h a r a c t e r i z i n g  the same p o i n t  in s p a c e .
The m a t r i x  CA3 i s  the t rans- f  ormat  i on r e l a t i n g  the two 
l a t t i c e s .  A c o n d i t i o n  -for the c o i n c i d e n c e  o-f e q u i v a l e n t  
p o i n t s  in l a t t i c e  1 and 2 is
X t + b = X2 = X0 < 2)
where the v e c t o r s  X 2 and Xi  + b d e f i n e  an O - p o i n t .  I n v e r t i n g  
e q u a t i o n  ( 2 )  and s u b s t i t u t i n g  e q u a t i o n  <1)  g i v e s
X2 ■ X» + b -  C A ] - ‘ X2 + b.
Then
a i l  -  [ A ] " 1 ) X0 = b (3)
where [ I ]  i s  the u n i t y  m a t r i x .  The O - l a t t i c e  v e c t o r  can be 
o b t a i n e d  i f
d e t  I C I ] -  £A3- 1 I “  0 .  Then
X 0 = < C13 -  CA3-* > - *  b <4>
T h i s  e q u a t i o n  i s  a g e n e r a l  e x p r e s s i o n  f o r  the d i s l o c a t i o n  
c o n t e n t  o f  an i n t e r f a c e ;  s o l u t i o n s  i n c l u d e  F r a n k " s  f o r m u l a  
f o r  low a n g l e  g r a i n  b o u n d a r i e s ,  the CSL, and phase boundary  
s t r u c t u r e s .
8Th# 0-1 a t t i c ®  c a d  b® r e g a r d e d  a s  a  1 A t t i c ®  o f  o r i g i n s  
w i t h  r e s p e c t  t o  which the chosen t r a n s f o r m a t i o n  CA3 
mathemat  I ca1 1 y g®n®r A t e s  c r y s t a l  l a t t i c e  2 -from c r y s t a l  
l a t t i c e  1.  I f  the o r i e n t a t i o n  between the c r y s t a l s  i s  
s l i g h t l y  changed f rom the e x a c t  coi  nc i dence m i sor  i en t a t  i o n , 
the per  i od i c i t y  o f  the 0-1 a t t i c ®  p a t t e r n  i s  l o s t .  I f  EA3 
g e n e r a t e s  a boundar y  of  h i gh symmetry ,  i t  may be 
ener ge  t i ca l  1 y more f a v o r a b l e  t o  c o n se r ve  the 0 - l a t t i c e  
c o r r e s p o n d i n g  t o  [A3 and t o  accommodate the d e v i a t i o n  by 
c r e a t i n g  a s ec on da r y  d i s l o c a t i o n  n e t w o r k .
Th® B u r g e r s  v e c t o r s  o f  the s e c o n da r y  g r a i n  boundary  
d i s i o c a t  i ons ar e  g e n e r a l l y  s m a l l e r  than those o f  th® p e r f e c t  
l a t t i c e  v e c t o r s  and t h e y  can be d e f  i ned by the DSC l a t t i c e  
< 1 6 ) .  The DSC l a t t i c e  i s  so named because i t  i s  the l a t t i c e  
of  p a t t e r n  c ons er v  i ng d i s p l a c e m e n t s !  a d i s p l a c e m e n t  of  a 
c r y s t a l  l a t t i c e  w i t h  r e s p e c t  t o  the second by a DSC v e c t o r  
causes a p a t t e r n  s h i f t  which i s  comp l e t ® .  The DSC l a t t i c e  
can a l s o  be u n d e r s t o o d  as the l a t t i c e  o f  v e c t o r s  l i n k i n g  
s i t e s  of  c r y s t a l  1 to  s i t e s  of  c r y s t a l  2 r e f e r r e d  t o  a 
common o r i g i n  a t  the CSL o r i e n t a t i o n .  The DSC v e c t o r  can be 
e x p r e s s e d  as f o l l o w s ;
d ( s c )  -  X2 -  X x -  < C13 - E A 3 " 1 ) X2 <5)
E q u a t i o n  <5) can be s o l v e d  g r a p h i c a l l y ,  i f  £  i s  not  too  
l a r g e ,  by draw Ing two 1 a t  t  i ces a t  the CSL or  i n t a t  i on and
Qf i n d i n g  th® DSC v e c t o r s  by i n s p e c t i o n  < 1 7 ) .  S e v er e !  
r e s e a r c h e r s  < 1 8 - 2 3 )  have d i s c u s s e d  the methods f o r  the  
c o n s t r u e t  i on o f  the DSC l a t t i c e .  The bo undar y  s t r u c t u r e  f o r  
v a r i o u s  c r y s t a l  s y s t e m s , and the B u r g e r s  v e c t o r s  of  
s e c o n da r y  g r a  i n boundar y  di s i o c a t  i ons in those b o u n d a r i e s  
have been r e p o r t e d  by many w o r k e r s  ( 2 4 - 3 4 ) .
In f a c e - c e n t e r e d  c u b i c  c r y s t a l s  the s t r u c t u r e  o f  the  
DSC l a t t i c e  i s  d e t e r m i n e d  by the m i s o r i e n t a t i o n  a x i s / a n g l e  
o f  the g r a i n  b o u n d a r i e s  and can be b o d y - c e n t e r e d  t e t r a g o n a l  
or  v a r i o u s  o t h e r  s t r u c t u r e s  ( 2 4 ) .  For examp 1e , the DSC 
l a t t i c e  f o r  [0013  t w i s t  b o u n d a r i e s  i s  b o d y - c e n t e r e d  
t e t r a g o n a l  <see F i g . l ) .  The bi  and b2 v e c t o r s  o f  the DSC 
l a t t i c e  a r e  o r t h o g o n a l  w i t h  equal  l e n g t h  and l i e  in the  
( 0 0 1 )  p l a n e .  The component of  b3 a l o n g  [0013  i s  a l w a y s  equal  
to  the ( 0 0 2 )  i n t e r p  1 a n a r  s p a c i n g ,  i . e .  a / 2 ,  where a i s  the  
l a t t i c e  p a r a m e t e r . T h e r e  a r e  f o u r  equ i v a l e n t  b3 type  v e c t o r s  
J o i n i n g  the c o r n e r s  o f  the basal  p l a n e  t o  the c e n t r a l  s i t e  
as shown in F i g . l . For a pure tw i s t  boundary  near  
co i nc i dence or  i en t a t  i o n , or  thogonal  d i s i o c a t  i on ne t w o r k s  of  
b j  and b 2 v e c t o r s  o f  screw n a t u r e  s h o u l d  be f o r m e d . For  
mi xed boundar  i e s , t h r e e  s e t s  of  d i s i o c a t  i o n s , b i , b 2 and 
b®, o f  m ix ed  c h a r a c t e r  shou 1 d be f o r m e d . Lar ge  B u r g e rs  
vec t o r s  which ar e  1 i ne ar  comb i na t  i ons o f  the p r i m i t i v e  DSC 
vec t o r s , such as l a t t i c e  t r a n s i  a t  i on vec t o r s , may a l s o  be 
der  i v e d .
Research in the e a r l y  y e a r s  ( 1 2 )  s u g g e s t e d  t h a t
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i n t e r f a c e s  o f  r e l a t i v e l y  low e n e r g y  were those c o n t a i n i n g  
hi gh d e n s i t i e s  o f  atoms common t o  both g r a i n s .  H o w e v e r , 
bubble  r a f t  e x p e r i m e n t s  <35)  and computer  c a l c u l a t i o n s  of  
the a t om ic  s t r u c t u r e  o f  g r a i n  b o u n d a r i e s  < 3 6 - 3 8 )  s ugges t  
t h a t , in most c a s e s , the g r a i n  boundar y  e n e r g y  can be 
a d d i t i o n a l l y  l o w e r e d  by a r i g i d  body t r a n s l a t  i on < a s he ar  
type di s p l a c e m e n t ) be tween g r a  i n s . The t r a n s l a t  i on s e r v e s  to  
a l l e v i a t e  a t om ic  o v e r cr o wd  i ng but  d e s t r o y s  c o i n c i d e n c e ,  and 
the atoms occupy pos i t i ons which a r e  c 1o s e , but  not  e x a c t l y  
a t , co i nc i den t si  t e s . T h i s  means t h a t  the 1ow e n e rg y  
boundar y  s t r u c  t u r e  i s  m a i n l y  d e t e r m i  ned by the boundary  
c o i n c i d e n c e  or  i en t a t  i on r a t h e r  than by pr ec  i se l a t t i c e  
coi  nc i d e n c e . The t o t a l  r i g i d  body t r a n s l  a t  i on t may be 
c om pr is e d  o f  two c om po n en t s , one l y i n g  p a r a l l e l  t o  the  
i n t e r f a c e  and r e s t r i c t e d  in ma gn i t u de  t o  l i e  i n s i d e  the  
i n - p l a n ®  Wi g n e r - S e  i t z  c e l l ,  and the o t h e r  be i ng 
p e r p e n d i c u l a r  t o  the i n t e r f a c e  and c o r r e s p o n d i n g  t o  the  
i n t r o d uc  t i on of  e xc es s  volume i n t o  the boundar y  s t r u c t u r e  
<39)  .
I n  r e c e n t  y e a r s ,  computer  c a l c u l a t  i ons < 4 0 - 4 6 )  o f  g r a i  n 
boundary  s t r u c t u r e  in m e t a l s  have assumed t h a t  the  
i n t e r a c  t i on be tween atoms can be mode 11ed as a pa i rw i se 
c e n t r a l  f o r c e . The c r y s t a l  volume has been k e p t  c o n s t a n t  in 
the atom r e  1a x a t  i on p r o c e s s  and the equ i 1 i br  i urn s t r u c t u r e  
was d e t e r m i n e d  by m i n i m i z a t i o n  o f  the i n t e r n a l  e n e r g y  w i t h  
r e s p e c t  to  the a t omi c  p o s i t i o n s .  A wi de  v a r i e t y  of
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i n t e r a t o m i c  p o t e n t i a l s  have been employed in the s i m u l a t i o n  
I n c l u d i n g  M o r s e , B o r n - M a y e r , pseudo,  and e m p i r i c a l  
p o t e n t  i a l s .  11 was f o un d  t h a t  the s t r u c t u r e  o f  a g r a i  n 
boundar y  i s  a v e r y  s e n s i t i v e  f unc  t i on o f  the i n t e r a t o m i c  
p o t e n t  i al  chosen in the c a l c u 1 a t  i on < 4 5 ) ,  h o w e v e r , f o r  a 
g i v e n  p o t e n t  i a l , the s t r u c t u r e  does not  depend v e r y  s t r o n g l y  
on the cu t - o f f  r a d  i u s . The r e s u 1 t s  a l s o  i n d i c a t e  t h a t  
s e v e r a l  e ne rge  t i c a l 1y e q u i v a l e n t  bo undar y  s t r u c t u r e  may 
e x i s t  a t  a g i v e n  m i sor  i en t a t  i o n . These s t r u c  t u r e s  d i f f e r  
on 1y by the amount of  r i g i d  body r e l a x a t  i on between the  
c r y s t a l s  f orm i ng the i n t e r f a c e .
The r i g i d  body t r a n s l a t  i on o f  the l a t t i c e  in one g r a i n  
w i t h  r e s p e c  t t o  the l a t t i c e  in a n o t h e r  g r a  i n has been 
measured by d i s p l a c e m e n t  f r  i nge me t hods  u s i n g  TEM < 4 7 - 5 1 ) .  
For  a c o i n c i d e n c e  b o u n d a r y , c e r t a i n  CSL p 1anes ar e  
con t  i nuous a c r o s s  the bo undar y  a l t h o u g h  the  or  i en t a t  i on o f  
the a t  om i c ar rangemen t in the p 1ane changes abrup 1 1y a t  the  
b o u n d a r y . I f  one g r a  i n i s  d i s p l a c e d  by t f rom the  
coi  nc i dence posi  t i o n , the  common p 1anes become o f f s e  t a t  the  
b o u n d a r y . When the boundary  i s  imaged under  the two-beam  
d i f f r a c  t i on cond i t i on w i t h  the d i f f r a c  t  i on vec t o r  g o f  the  
o f f s e t  common p 1a n e s , the o f f s e t  w i l l  produce a phase  
d i f  f  e r e n ce  <f>=2ng. t  in the e 1 ec t r o n  waves d i f  f  r a c  t e d  by the  
two g r a  i n s . As a r e s u 1t , i n t e r f e r e n c e  f r i n g e s  a r e  for med in 
the boundar y  and the con t r a s t  i s  s i m i 1ar  t o  s t a c k  i ng f a u 1 t 
con t r a s t  in s i n g l e  c r y s t a l s .  Sat  i s f a c  t o r y  agreement  between
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the r e s u l t s  o f  e x p e r i m e n t a l  o b s e r v a t i o n  and computer  
c a l c u l a t i o n s  a r e  o b t a i n e d .
The g r a i n  boundar y  e x p a n s io n  Cor c o n t r a c t i o n )  was a l s o  
d e t e c t e d  by e l e c t r o n  d i f  f  r  ac t i on r e c e n t l y  by s e v e r a l  w o r k e r s  
< 5 2 , 5 3 ) .
Pond and U i t e k  <39)  - f i r s t  o b s er v ed  par  t  i al  g r a  i n 
boundar y  d i s l o c a t i o n s  l y i n g  a t  the i n t e r s e c t i o n s  o-f 
d i - f - f e r e nt  - f a c e t s ,  or  s e p a r a t  i ng doma i ns o-f a p 1 anar  
i n ter - f  ace w i t h  d i - f - f e r e n t  r e l a t i v e  di  spl  ac eme nt s .  The B u r g e rs  
v e c t o r s  o-f t hese  p a r t  i al  g r a i  n boundar y  di si  oc a t  i ons can be 
i n f e r r e d  f rom a d e t e r m i  n a t  i on o f  the di f f e r e n t  t r a n s l a t  i ons 
s e p a r a t e d  by each p a r t i a l  g r a  i n boundary  d i s i o c a t  i on and 
t h e y  cannot  be p re d  i c t e d  geometr  i c a l 1y . P a r t  i al  g r a i  n 
bo undar y  di s i o c a t  i ons can a l s o  occur  as par  t o f  a s e co nda ry  
g r a  i n boundar y  d i s i o c a t  i on ne twork in h i gh  a n g l e  boundar  i es 
c l o s e  t o  a CSL m i sor  i en t a t  i on in a m a te r  i a l  w i t h  the f e e  or  
the di amond c u b i c  s t r u c t u r e  < 5 4 , 5 5 ) .
Schober  and B a l 1u f f  i < 5 6 , 5 7 )  f i r s t  d e v e 1 oped a 
conven i en t me t hod f o r  produc i ng spec i al  g r a  i n boundar  i es 
under  c o n t r o l l e d  cond i t i ons in t h i n  f i l m  b i c r y s t a l s  of  g o l d  
su i t a b l e  f o r  TEM. S i n g l e  c r y s t a l  t h i n  f  i 1 ms o f  the desi  r e d  
or i e n t a t  i ons were f i r s t  v a p o r - d e p o s  i t e d  ep i t ax  i a l 1y on 
r o c k s a l t  s u b s t r a t e s . Two f  i 1 ms, w h i l e  s t i l l  on t h e i r  
s u b s t r a t e s , were then w e l d e d  t o g e t h e r  f a c e  t o  f a c e  under  
mode ra te  p r e s s u r e  and then a n n e a l e d  a t  any des i r e d  
m i sor  i e n t a t  i on t o  produce a t h i n  f i l m  b i c r y s t a l  c o n t a i  n i ng a
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g r a i n  boundary  a t  the w e l d e d  i n t e r - f a c e .  The s u b s t r a t e s  were
then d i s s o l v e d  away t o  a l l o w  e x a m i n a t i o n  o-f the g r a i n
boundar y  in TEM. I n t r i n s i c  d i si  oc a t  i on ne t w o r k s  o-f b x , b2  
and b® were o b se r ve d  in a number o f  [ 0 0 1 ] ,  [ 1 1 0 ] and [ 1 1 1 ] 
t w i s t ,  t i l t  and mixed boundar  i es dev i a t  i ng f r om CSL 
o r i e n t a t i o n  and the o b s e r v e d  spac i ng o f  the d i s i o c a t  i ons 
d e c r e a s e d  w i t h  an i n c r e a s e  in the d e v i a t i o n  f rom a CSL 
m i sor  i en t a t  i o n . These now c 1 ass i c exper  i ments v e r i f y  t h a t  
the  CSL t h e o r y  and DSC model a p p l y  t o  b o u n d a r i e s  w i t h i n  a
f ew d e g r e e s  of  e x a c t  CSL m i sor  i en t a t  i o n .
A p a r t  f rom t hese  o b s e r v a t i o n s ,  r e p o r t s  o f  d i s l o c a t i o n  
ne t w o r k s  in b u 1 k e n g i n e e r i n g  m a te r  i a l s  a r e  few ma i n 1 y 
because o f  the c o n s i d e r a b l e  e f f o r t  i n v o l v e d  in p e r f o r m i n g  
such s t u d i e s .  For examp 1e , i t  i s  d i f f i c u l t  t o  f i n d  an 
a p p r o p r i a t e  g r a i n  boundar y  a r e a  in t h i n  f o i l  m a t e r i a l  
s u i t a b l e  f o r  s t u d y .  F u r t h e r m o r e ,  i t  i s  d i f f i c u l t  t o  f i n d  an 
a p p r o p r i a t e  boundary  o r i e n t a t i o n  where  the d i f f r a c t i o n  
e f f e c t s  assoc i a t e d  w i t h  each g r a i n  can be eas i 1 y s e p a r a t e d . 
T h e r e f o r e ,  d e t a i l e d  a n a l y s i s  o f  a l l  o f  the g r a i n  boundar y  
d i s i o c a t  i ons in a ne twork  has r a r e  1 y be a c h i e v e d .
The f o l l o w i n g  have been among the most s u c c e s s f u l  
i n v e s t i g a t i o n s .  Beaven e t  a l . <58)  used TEM and f i e l d  ion 
mi c r o s c o p y  <FIM)  to  s t u d y  a 23  i ncoheren t t w i n  bo un da r y  in 
t u n g s t e n .  C l a r k  and Smi th <59)  have s t u d i e d  a 2 9  boundary  in 
s t a i n l e s s  s t e e l .  Bol lman and c o w o rk e r s  < 5 4 , 6 0 )  s t u d i e d  
b i c r y s t a l s  of  Ge and s t a i n l e s s  s t e e l  and i n t e r p r e t e d  the
d i s l o c a t i o n  s t r u c t u r e  by u s i n g  the DSC m od e l .  H o r t en  e t  a l . 
<61)  s t u d i e d  b i c r y s t a l  s o-f Al . Sun and Bal 1 u -f -f i <62)  s t u d i e d  
a range o f  co i nc i dence r e l a t e d  b o u n d a r i e s  in MgO b i c r y s t a l s . 
In  a c t u a l i t y ,  many o f  the  above s t u d i e s  i n f e r r e d  the B ur g e r s  
v e c t o r s  f rom the o b s e r v a t  i on o f  the d i s l o c a t i o n s  in 
c o i n c i d e n c e  r e l a t e d  boundar y  based on DSC mode 1 r a t h e r  than  
p e r f o r m i  ng a de t a  i 1ed a n a l y s  i s o f  the i mage con t r a s t . T h i s  
i s  because the B u r g e r s  v e c t o r s  o f  the s e c o n d a r y  DSC 
di s i o c a t  i ons a re  usual  1 y consi  d e r a b l y  s m a l 1 er  than those of  
the c r y s t a l  d i s l o c a t i o n s  and the i mage con t r a s t  i s  usual  1 y 
v e r y  weak.  H o we v er , Pond and Smi th <63)  have p o i n t e d  out  
t h a t  i f  g . b  <0 . 1  the g . b  d i s l o c a t i o n  s h o u l d  be i n v i s i b l e ,  
and the g . b= 0  method can be used as a v a l u a b l e  g u i d e l i n e  to  
the I d e n t i f i c a t i o n  of  the p o s s i b l e  B u r g e r s  v e c t o r  of  a g . b  
d i s i o c a t  i o n .
Humble and Forwood < 6 4 , 6 5 )  have d e v e l o p e d  a 
q u a n t i t a t i v e  method to  d e t e r m i n e  the m a g ni t u de  and d i r e c t i o n  
o f  a g r a i n  boundar y  d i s l o c a t i o n  by o b t a i n i n g  a s e r i e s  of  
m i c r o g r a p h s  r e c o r d e d  under  d i f f e r e n t  s i m u l t a n e o u s  two-beam 
di f f r a c t  i on condi  t i ons and match i ng t hose t o  computer  
simu 1 a t  i ons u s i n g  the Howi e - Whe1 an e qua t  i o n s . A good 
agreement  between s i m u l a t e d  and e xp er  i m e n t a l 1 y ob se r ve d  
images has been o b s e r v e d  in we 1 1 - s e p a r a t e d  g r a i n  boundary  
d i s l o c a t i o n s  in a c o h e r e n t  t wi n  boundary  < 6 4 , 6 5 )  and a near  
29  boundary  <55)  in copper  and Cu-Si  a l l o y .  I s h i d a  e t  a l . 
< 6 6 , 6 7 )  a l s o  i n v e s t i g a t e d  i n t r i n s i c  g r a i n  boundar y
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d i s l o c a t i o n s  in a 2 3 3  boundar y  in an A l - M g  a l l o y  by u s i n g  the  
image m a t c h i n g  method,  but  t h e r e  were some d i f f e r e n c e s  
between o b se r v e d  and s i mu 1 a t e d  con t r a s t . 1 1  was n o t e d  t h a t  
the  s i m u l a t i o n  method i s  d i f f i c u l t  t o  a p p 1 y t o  c 1 o s e 1 y 
spaced d i s i o c a t  i on a r r a y s  < 5 9 ) .  Fur  t h e r m o r e , as p o i n t e d  out  
by B o o t hr o yd  and Stobbs  <6 8 ) ,  the F r e s n e 1 e f f e c t  i s  al  so 
i m p o r t a n t  t o  the image c o n t r a s t  o f  c l o s e l y  spaced g r a i n  
boundar y  d i s l o c a t i o n s  and s h o u l d  be t ak en  i n t o  a ccount  in 
d e f e c t  image s i m u l a t i o n s .
When the boundary  m i sor  i en t a t  i on i s  f u r t h e r  away f rom  
the c o i n c i d e n c e  o r i e n t a t i o n ,  or  the boundar y  has a smal l  or  
n e g l i  g i b l e  degree  o f  match i n g , i . e .  h i gh  2  , i t  has been 
termed a " g e n e r a l " or  " random'  boundary  < 6 7 , 7 0 ) .  Secondar y  
d i s l o c a t i o n  n e t w o r k s  have not  been d e t e c t e d  by e l e c t r o n  
m i c r o s c o p y .  The o b s e r v a t i o n a l  d i f f i c u l t i e s  may be due t o  the  
s m a l l e r  B u r g e r s  v e c t o r s  of  g r a i n  boundar y  d i s l o c a t i o n s ,  o r ,  
as G l e i t e r  and c o w o r k e r s  < 7 1 , 7 2 )  a r g u e d ,  due t o  
del  ocal  i z a t  i on o f  the s e c o n da r y  di  s i o c a t  i o n s . H o w e v e r , V i t e k  
e t  a l . <73)  c r i t i c i z e d  the t h e o r e t i c a l  a r gum ent s  s u p p o r t i n g  
t h i s  mode 1 .
R ec en1 1y , S u t t o n  and V i t e k  <74)  c a l c u 1a t e d  the  a t omi c  
s t r u c t u r e  o f  s y m m e t r i c a l  and n o n - s y m m e t r i c a l  t i l t  b o u n d a r i e s  
in Al and Cu in some h i g h  ** Z < < 4 9 1 )  boundar  i es by us i ng the  
mol ecu 1 a r  s t a t i c s  me th ods .  They f oun d t h a t  c e r t a i n  spec i al  
b o u n d a r i e s  a r e  f a v o r e d  b o u n d a r i e s ,  and a r e  the f und ament a l  
s t r u c t u r a l  u n i t s  o f  h i g h  2  b o u n d a r i e s  which a r e  n o n - f a v o r e d
16
b o u n d a r i e s .  The " s t r u c t u r a l  u n i t "  or  " p o l y h e d r a l  uni t " , 
■ f i r s t  p r opos ed by Bishop and Chalmers  < 7 5 , 7 6 ) ,  and l a t e r  
■fur ther  d e v e l o p e d  by many r e s e a r c h e r s  < 7 7 , 7 8 ) ,  i s  a smal l  
group o-f atoms a r r a n g e d  in a char  ac t e r  i s t  i c con-f i g u r a t  i on . A 
n o n - f a v o r © d  boundar y  in the m i s o r i e n t a t i o n  r ange  between two 
s u c c e s s i v e  f a v o r e d  b o u n d a r i e s  i s  composed o f  two w e l l  
d e f i n e d  s t r u c t u r e s ,  o f  wh ich  a t  1 e a s t  one i s  the u n i t  of  one 
o f  t hese  f a v o r e d  boundar  i e s . The m i x i n g  o f  s t r u c t u r a l  u n i t s  
c o r r e s p o n d s  d i r e c t l y  t o  the concept  o f  g r a i n  bo undar y  
di s i o c a t  i ons and the mode 1 s u g g e s t s  t h a t  the i n t r i n s i c  g r a i n  
boundar y  d i s i o c a t  i ons in h i gh  a n g l e  boundar  i es a r e  q u i t e  
1 o c a l i  zed and t h e y  r e t a i n  t h e i r  i dent  i t y  a t  s m a l 1 spac i ngs.  
So f a r , no e x p e r i m e n t a l  o b s e r v a t  i on has been r e p o r  t e d  in 
suppor  t o f  t h i s  r e s u 1 t . I t  seems t h a t  on 1y h i gh  r e s o l u  t i on 
m i c r o s c o p y  can a ppr oa ch t h i s  p r o b l e m .
Genera l  b o u n d a r i e s  o f t e n  e x h i b i t  l i n e a r  d e f e c t s  in TEM 
Images.  11 has been shown t h a t  t hese  d e f e c t s  a r e  not  moi r e  
f r  i nges s i n c e  t h e i r  or  i en t a t  i on and spac i ng ar e  i ndependen t 
of  the o p e r a t i n g  d i f f r a c  t i on cond i t i o n s . Pumphrey < 7 9 , 8 0 )  
e x p l a i n e d  the per  i od i c 1 i ne s t r u c  t u r e s  on the bas i s o f  a 
plan© match i ng a p p r o a c h . T h i s  i n v o l v e s  the  s l i g h t  mi smatch  
be tween c e r t a i n  a t om i c p 1 anes a c r o s s  the b o u n d a r y , i . e . ,  the  
s p a c i n g  and or  i en t a t  i ons of  c e r  t a  i n se t s  o f  a t  om i c p 1 anes in 
the bo undar y  a r e  si  i gh 1 1y d i f f e r e n  t . T h i s  mode 1 w i l l  
g e n e r a t e  d i s l o c a t i o n  d e f e c t s  in the b o u n d a r y .  Howel l  e t  a l . 
< 8 1 , 8 2 )  a l s o  f o un d  t h a t  a h i gh  p e r c e n t a g e  of  C0 1 1 > type
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p l a n a r  m a t c h i n g  d i s l o c a t i o n s  In c o m m e r c i a l l y  doped powder  
m e t a l l u r g y  t u n g s t e n  w i r e s  and r o d s . I t  was shown t h a t  the  
s t r o n g  w i r e  t e x t u r e  o-f t u n g s t e n  l e a d s  t o  a h i gh  prob ab l  i t y
o-f o b s e r v i n g  p 1 a na r  match i ng d i s l o c a t i o n s .  L a t e r  S h i n d l e r  e t  
al  . < 8 3)  c a r r i e d  out  a s y s t e m a t i c  s t u d y  o-f spec i al  1 y 
p r e p a r e d  b i c r y s t a l s  w i t h  ( 0 0 2 ) ,  < 2 2 0 ) , and <420)  p l a n e s  
matched or  d e v i a t e d  by di - f - ferent  amoun t s . A s i ngl  e se t o-f 
p l a n e  m a t c h i n g  de- fec ts  was o b se r ve d  in a wide r ange  o-f 
dev i a t  i ons <up t o  1 4 ° )  -from e x a c t  al  i gnment o-f the <200)  and 
<220)  p l a n e s .  The B u r g e r s  v e c t o r s  o-f p l a n a r  m a t c h i n g  de- fects  
a r e  de term i ned t o  be normal  t o  the mi smatched p 1 anes w i t h  a 
m a g ni t u de  equal  to  the i n t e r p l a n a r  s p a c i n g .
Brandon <13)  and U a r r  i ngton <84)  a t  temp t e d  t o  p r e d i c t  
t h e o r e t i c a l l y  the p e r c e n t a g e  o-f h i gh  a n g l e  g r a i n  b o u n d a r i e s  
which  cou' id be e x p e c t e d  t o  c o n t a i n  p e r i o d i c  a r r a y s  of  
d i s l o c a t i o n s  in a random p o l y c r y s t a l 1 i ne a g g r e g a t e .  In both  
c ase s  o n l y  a r e l a t i v e l y  smal l  p e r e n t a g e  of  b o u n d a r i e s  
c o n t a i n i n g  p e r i o d i c  a r r a y s  o f  g r a i n  boundar y  d i s l o c a t i o n s  
were p r e d i c t e d .  Exper  i men t a l  o b s e r v a t  i on o f  the pe rc en  tage  
o f  b o u n d a r i e s  c o n t a i n i n g  p e r i o d i c  a r r a y s  o f  g r a i n  boundary  
d i s l o c a t i o n s  a r e  f e w .  S e v e r a l  r e s e a r c h e r s  < 8 1 , 8 5 , 8 6 )  f ound  
t h a t  the maj or i t y  o f  the boundar  i es in commerc ia l  s t a i n l e s s  
s t e e l  s h e e t s  and t u n g s t e n  w i r e s  con t a  i n per  i odi  c a r r a y s  of  
g r a i n  bo undar y  d i s l o c a t i o n s .  I t  was s u g g e s t e d  t h a t  a random 
o r i e n t a t i o n  o f  p o l y c r y s t a l 1 ine a g g r e g a t e s  r a r e l y  o cc ur s  in 
r e a l  e n g i n e e r i n g  m a t e r i a l s ,  and the e x p e r i m e n t a l
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o b s e r v a t i o n s  m i g h t  w e l l  be due t o  the m a t e r i a l  t e x t u r e  
r e s u l t i n g  -from thermomechan i cal  p r o c e s s i n g .
E x t r i n s i c  g r a i n  bo undar y  d i s i o c a t  i ons a r e  d i s i o c a t  i ons 
t h a t  a r e  not  a p a r t  o-f the equ i 1 i br  i urn boundary  s t r u c t u r e  5 
t h e y  c o n t a i n  t h e i r  l o ng  rang® s t r e s s  - f i e l d s  < 8 7 , 8 8 ) .  They  
a r e  b e l i e v e d  t o  be o-f s i gn i -f i cance in s e v e r a l  p r o c e s s e s ,  
such as r e c r y s t a l  1 i z a t  i on , h i gh  t e m p e r a t u r e  de-format i on and 
the a n n e a l i n g  o-f i r r a d  i a t  i on d e - f e c ts .
Among the - f i r s t  t o  examine e x t r i n s i c  boundary  
d i s l o c a t i o n s  in the TEM were L i n  and McLean < 8 9 ) .  They  
examined the d e n s i t y  and the di s t r  i but  i on o-f a bs or be d g r a  i n 
boundary  di s i o c a t  i ons in a n n e a l e d  and c o l d  worked pure  
n i c k e l  . A-f t e r  anneal  i ng a t  750°C -for 1 h o u r , most gr  a i n 
boundary  s t r u c t u r e s  were f e a t u r e  1 e s s , bu t  in the s t r a i n e d  
m a t e r i a l ,  l i n e  d e f e c t  densi  t y  i n c r e a s e d  1 i ne ar  1 y w i t h  
a p p l i e d  s t r e s s  a f  t e r  an i n i  t i al  s t e e p  r  i s e . These 1 i ne 
d e f e c t s  were s u g g e s t e d  t o  be a bs or be d l a t t i c e  d i s l o c a t i o n s  
of  a n o n - e q u i l i b r i u m  n a t u r e .  I t  was a l s o  f oun d t h a t  t hese  
e x t r i n s i c  d i s i o c a t  i ons r e ma i n  s t r a  i gh t w i t h  room t e m p e r a t u r e  
d e f o r m a t i o n  which  i n d i c a t e s  t h a t  t h e y  a r e  immobi le  on the  
boundar y  plan© a t  room t e m p e r a t u r e .
I s h i d a  e t  a l . ( 9 0 )  s t u d i e d  the b e h a v i o r  o f  a b s o r b r d  
d i s l o c a t i o n s  in F © - 0 . 7 5 V. Mn in a c r ee p  e x p e r i m e n t .  Absorbed  
d i s l o c a t i o n s  were o b se r v e d  in most b o u n d a r i e s  a f t e r  0.37.  
s t r a i n  and a t  about  1 /  s t r a i n .  The d e n s i t y  o f  the  
d i s l o c a t i o n s  was so g r e a t  t h a t  the r e s o l u t i o n  o f  i n d i v i d u a l
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dl *1 o c a t  I o n *  was d i f f i c u l t .  S u i t a b l e  spec imens were h e a t e d  
a t  3 0 0 - 4 5 0 ° C  -for s e v e r a l  m i n u t e s  in the TEM. At  about  3 7 0 °C 
many o-f the a bs or be d d i s l o c a t i o n s  d i s a p p e a r e d  or  t h e i r  image 
c o n t r a s t  ■faded. However , some o f  the di si  o c a t  i ons remai  ned.  
The a u t h o r s  s u g g e s t e d  t h a t  the a p p a r e n t  di s a pp ea ra n ce  o f  the  
di s i o c a t  i ons c o u 1 d be e x p l a i  ned in te rms o f  di s i o c a t  i on 
d i s s o c i a t i o n .  T h i s  p r o c e s s  depends on the boundar y  p 1ane and 
c o u l d  e x p l a i n  the o b s e r v e d  v a r i a t i o n  in d i s l o c a t i o n  b e h a v i o r  
f o r  d i f f e r e n t  b o u n d a r i e s .
The s t r u c t u r e  o f  e x t r i n s i c  g r a i n  boundary  d i s i o c a t  i ons 
i s  s t i l l  a c o n t r o v e r s y .  Many w o r k e r s  < 6 0 , 6 3 , 9 1 - 9 7 )  s t u d i e d  
the s p e c i a l  boundar  i es and s u g g es t e d  t h a t  the i n c o r p o r a t  i on 
of  l a t t i c e  d i s l o c a t i o n s  i n t o  a c o i n c i d e n c e  boundar y  can be 
d e s c r i b e d  in terms o f  t he  CSL t h e o r y  and DSC m o d e l . When a 
l a t t i c e  d i s l o c a t i o n  e n t e r s  a boundary  and f or ms an e x t r i n s i c  
d i s i o c a t  i o n , the d i s i o c a t  i on i s  env i saged as d i ssoc i a t  i ng 
i n t o  g r a i n  boundary  d i s l o c a t i o n s ,  and the B u r g e r s  v e c t o r s  
a r e  g i v e n  by the DSC l a t t i c e  v e c t o r s .  F u r t h e r m o r e ,  Pond and 
V i t e k  < 9 8)  have shown t h a t  f u r t h e r  di ssoc i a t  i on o f  the DSC 
d l s i o c a t  i on i n t o  p a r t i a l  g r a i n  boundary  di s i o c a t  i ons can be 
p o s s i b l e  i f  d i f f e r e n t  a t o m ic  d i s p l a c e m e n t s  can e x i s t  w i t h i n  
a b o u n d a r y . The a b s o r p t i o n  o f  l a t t i c e  d i s i o c a t  i ons i n t o  a 
hi gh  a n g l e  g r a i n  bo undar y  d u r i n g  a n n e a l i n g  i s  p r o b a b l y  due 
t o  the  1 ower e l a s t i c  c ons ta n t s  of  the boundar y  r e g  i on than  
in the g r a i n  ( 9 9 ) .  The m a j o r  d r i v i n g  f o r c e  f o r  the  
d i s s o c i a t i o n  r e a c t i o n  i s  b e l i e v e d  t o  be a r e d u c t i o n  in the
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e l a s t i c  e n e r g y  a s s o c i a t e d  w i t h  l a t t i c e  d i s l o c a t i o n s .  The 
e l a s t i c  e n e r g y  r e d u c t i o n ,  In g e n e r a l , i n c r e a s e s  as the  
r e c  i p r o c a l  co i nc i dence d e n s i t y  i n c r e a s e s . H o w e v e r , the DSC 
d i s l o c a t i o n ®  in the boundary  may be a s s o c i a t e d  w i t h  s t e p s  
< 6 3 ) ,  the e n e r g y  o-f the s t e p s  may be o-f the same o r d e r  as 
the e l a s t i c  e n e r g y  a s s o c i a t e d  w i t h  i s o l a t e d  DSC 
di si  o c a t  i o n s . Th er e- for e  , the di ssoc i a t  i on o f  l a t t i c e  
di s i o c a t  i ons in the bo undar y  p 1 ane may need to  c on se r ve  the  
t o t a l  B u r g e r s  vec t o r  as we 1 1 as the o v e r a l 1 s t e p  he i gh t  as 
the d i s i o c a t  i ons become more f i n e l y  spaced ( 6 3 , 1 0 0 , 1 0 1 ) .
S e v e r a l  o t h e r  w o r k e r s  < 7 1 , 1 0 2 - 1 0 9 )  have pr opos ed t h a t  
i nd i v i dual  d i s i o c a t  i ons can be i n c o r p o r a t e d  i n t o  a boundary  
by s p r e a d  i ng the w i d t h  o f  the d i s i o c a t  i on c or e  or  by the  
f o r m a t i o n  o f  a l a r g e  number of  par  t  i al  s w i t h  s m a l 1 B u r g e r s  
vec t o r s . The phys i ca l  r eas on f o r  the s p r e a d  i ng o f  the core  
of  the e x t r i n s i c  boundar y  d i s i o c a t  i ons i s  a reduc  t i on in the  
e n e r g y  of  the e x t r i n s i c  boundary  d i s i o c a t  i o n . The t o t a l  
e n e rg y  o f  any d i s l o c a t i o n  i s  the sum of  the  e n e r g y  o f  the  
d i s i o c a t  i on c or e  and the e n e r g y  s t o r e d  in the 1 on g - r a n g e  
s t r a i n  f i e l d .  Both e n e r g  i es depend on the  c or e  w i d t h .  The  
d i s i o c a t  i on s t r u c t u r e  o f  mi ni  mum e n e r g y  f o i l o w s  the  
cond i t i ons t h a t  the t o t a l  e n e rg y  o f  the 1 o n g - r a n g e  s t r a i n  
f i e l d  < d e c r e a s  i ng w i t h  growi  ng cor e  s i z e )  and the  cor e  
e n e r g y  < i n c r e a s  i ng w i t h  grow i ng cor e  s i z e )  i s  a mini  mum. 
Darby e t  al  . ( 9 6 )  s u g g es t e d  t h a t  in g e n e r a l  b o u n d a r i e s ,  the 
g r a i  n boundar y  di si  o c a t  i on di ssoc i a t  i on mode 1 and un i form
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s p r e a d i n g  model become f o r m a l l y  e q u i v a l e n t ,  s i n c e  a u n i f o r m  
s p r e a d i n g  can be w e l l  r e p r e s e n t e d  by a g r a i n  boundar y  
d i s i o c a t  i on d i s t r  i bu t i on cons i s t i n g  o f  an i n f i n i t e  number of  
g r a i n  boundar y  d i s i o c a t  i ons p o s s e s s i n g  i n f i n i s i m a l  B u r g e r s  
v e c t o r s .  H o w e v e r , V i t e k  e t  a l . <73)  a rgue d t h a t  core  
s p r e a d i n g  i s  u n l i k e l y  t o  occur  t h e o r e t  i c a l 1 y or  
e x p e r  i men t a l 1y . N ev er  the 1 e s s , H i r t h  and Lothe  <110 > s ug g es t ed  
t h a t  t h i s  issue i s  dependent  on the c or e  w i d t h  and can be 
d e c i d e d  o n l y  by u s i n g  a t o m ic  c a l c u 1 a t i o n s .
H o r t on  e t  al  . ( 9 4 , 1 1 1 )  s u g e s t e d  a s t r a i n  shar  i ng model  
f rom the i n c o r p o r a t i o n  o f  e x t r i n s i c  d i s l o c a t i o n s  in 
s y m m e t r i c a l  h i gh  a n g l e  [ O i l ]  t i l t  boundar  i es in A l .  Two 
t y p e s  o f  d e f e c t s  were o b s e r v e d , one was i n t r i n s i c  
d i s l o c a t i o n s  which a p p e a r e d  as an a r r a y  o f  f i n e  l i n e s  w i t h  a 
B u r g e r s  v e c t o r  c l o s e  t o  a / 4  [ O i l ] .  The o t h e r  type o f  d e f e c t  
was i n t r o d u c e d  by d e f o r m a t i o n  a t  e l e v a t e d  t e m p e r a t u r e .  They  
were d i s s o c i a t i o n  p r o d u c t s  o f  l a t t i c e  d i s l o c a t i o n s  and a l s o  
had a B u r g e r s  vec t o r  c 1ose t o  a / 4  [ O i l ] .  The v i si  b i 1 i t y  of  
t he se  e x t r i n s i c  d i s l o c a t i o n s  was f ound t o  depend on the  
s p a c i n g  o f  the i n t r i n s i c  di s i o c a t  i ons p r e s e n t  in the  
b o u n d a r y ,  i . e . ,  t h e i r  image c o n t r a s t  d e c r e a s e d  s h a r p l y  w i t h  
t he  d e c r e a s e  in the i n t r i n s i c  d i s l o c a t i o n  s p a c i n g .  T h i s  
b e h a v i o r  was i n t e r p r e t e d  in terms o f  the s t r a i n  s h a r i n g  
concep t .
The TEM image of  a d i s l o c a t i o n  i s  d i r e c t l y  r e l a t e d  to  
the d i s l o c a t i o n  s t r a i n  f i e l d .  An e x t r a  e x t r i n s i c  d i s l o c a t i o n
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w i l l  r e p e l  a d j a c e n t  s t r u c t u r a l  d i s l o c a t i o n s  and i f  t he y  can 
move t o  some e x t e n t ,  r e ar r a n g e m e n  t w i l l  r e s u l t  in a group o-f 
s t r u c t u r a l  d i s l o c a t i o n s  w i t h  a s m a l l e r  n e t wo r k  s p a c i n g .  The  
s t r a i n  - f i e l d  o-f the e x t r i n s i c  d i si  o c a t  i on can then be 
e f f e c t i v e l y  s p r e a d  and r e d u c e d . The group o f  more c 1o s e 1y 
spaced di s i o c a t  i ons r e p r e s e n  t s  the e x t r i n s i c  di s i o c a t  i o n .
I t s  image w i d t h  and c o n t r a s t  in TEM w i l l  c 1 e a r  1y depend on 
the e x t e n t  to  which the s t r u c t u r a l  n e t wo r k  can accommodate  
the e x t r a  d i s i o c a t  i o n . At  1ow t w i s t  m i s m a t c h ,  the e x t r a  
d i s i o c a t  i on i n t e r a c  t s  w i t h  few i n t r i n s i c  d i s i o c a t  i ons so 
t h a t  the s t r a i n  f i e l d  of  the e x t r i n s i c  d i s l o c a t i o n  i s  s t i l l  
w e l l  1ocal  i z e d . At  h i gher  m i smatch more i n t r i n s i c  
d i s l o c a t i o n s  a r e  i n v o l v e d  r e s u l t i n g  in both a g r e a t e r  s p r e a d  
and r e d u c t i o n  in the s t r a i n  f i e l d  o f  the e x t r i n s i c  
dI s i o c a t  i o n , and c o n s e q u e n t l y  the con t r a s t  in the e 1 ec t r o n  
m i c ro sc op e  d e c r e a s e d .  T h i s  c onc ept  i s  s i m i l a r  t o  the  
d e 1 ocal  i z a t  i on or  cor e  s p r e a d i n g  mode 1 .
Movement o f  g r a i n  bo undar y  d i s l o c a t i o n s  w i t h i n  the  
bo undar y  p 1ane has been o b se r v e d  in the  TEM ( 9 3 , 1 1 2 , 1 1 3 ) .  I t  
was s u g g e s t e d  t h a t  i t  took p l a c e  by a p r o c e s s  o f  g l i d e  and 
c l i m b  and prov i des a mechan i sm f o r  g r a i  n bo unda ry  si  i di  n g , 
g r a i  n boundar y  mi g r a t  i o n , the o p e r a t  i on o f  the g r a i  n 
b oundar y  as a d i s l o c a t i o n  s o u r c e , and the capac i t y  o f  the  
g r a  i n bo undar y  t o  ac t as s i n k s  and s o u r c e s  o f  p o i n t  d e f e c  ts  
( 6 1 , 1 3 , 1 1 4 ) .
In addi  t  i on to the v a r  i ous g r a i  n boundar y  di  s i o c a t  i o n s ,
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t opograph i cal  d e f e c t s  such as s t e p s  or  1 edges a r e  o f t e n  
o b se r v e d  In m e t a l s  ( £ 6 , 1 1 5 - 1 1 8 )  as a r e s u l t  of  
ther momechani ca l  p r o c e s s i n g .  G r a i n  boundar y  l e d g e s  can e x i s t  
e i t h e r  as pure  1 edges ( w i t h o u t  m i s f i t )  or  as 1 edges which  
assoc i a t e d  w i t h  g r a  i n boundar y  di s i o c a t  i ons ( 8 8 ) .  A g r a i n  
bo undar y  1 edge or  d i s l o c a t i o n  can be r e s o l v e d  in the TEM as 
a 1 i ne a c r o s s  which t h i c k n e s s  f r i n g e s  a r e  di  s p l a c e d ,  but  the  
1 edge i s  u s u a l l y  i d e n t i f i e d  as possess i ng 1 a r g e r  i mage w i d t h  
than i ndi  v i dual  d i si  o c a t  i on in the g r a  i n under  the same 
d i f f r a c  t i on cond i t i o n s . 1 1  has been s u g g e s t e d  t h a t  the  
h e i g h t  of  a s t e p  can be measured f rom the d i s p l a c e m e n t  of  
the f r I n g e s  or  In some c ase s  even f rom the w i d t h  o f  the 1 i ne 
d e f  i n i ng the ac t u a l  s t e p  ( 1 1 5 ) .  S t e ps  w i t h  he i gh t be tween 3 
b  and 100 A have been r e p o r t e d  in TEM o b s e r v a t i o n s  ( 1 1 8 ) .  
Murr  and c o w o r k e r s  ( 1 1 5 - 1 1 8 )  f ound t h a t  the m a j o r i t y  o f  h igh  
a n g l e  g r a i n  b o u n d a r i e s  in n i c k e l ,  a f t e r  a n n e a l e d  a t  1060 °C 
f o r  15 m i n u t e s ,  possessed a v a r i a b l e  s t r u c t u r e  c o n s i s t i n g  of  
d i s i o c a t  i o n s , s t e p s , and m i c r o f a c e  t s  which c o r r e s p o n d e d  to  
coi  nc i dence boundary  p l a n e  s e c t i o n s .  They al  so s t u d i  ed the  
d e n s i t y  and d i s t r i b u t i o n  o f  l e d g e s  in n i c k e l  a f t e r  d i f f e r e n t  
thermomechan i ca l  t r e a t m e n  t s . The 1 edge dens i t y  was f ound to  
be g r e a t e r  In h i gh  a n g l e  g r a i n  b o u n d a r i e s  than in low a ng l e  
b o u n d a r i e s  and the l edge d e n s i t y  i n c r e a s e d  w i t h  c o l d  
reduc t i o n . From a 1 i t e r a t u r e  s u r v e y , i t  a p p e a r s  t h a t  no 
d e t a i l e d  s t u d i e s  o f  the d e f e c t  s t r u c t u r e s  o f  g r a i n  
b o u n d a r i e s  in n i c k e l  a t  d i f f e r e n  t a n n e a l i n g  t e m p e r a t u r e s
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haue been c a r r i e d  out  t o  d a t e .
C h a pt e r  I I I  E x p e r i m e n t a l  Methods
The m a t e r i a l  used in the p r e s e n t  s t u d y  were  
c o m m e r c i a l l y  pure n i c k e l  s h e e t s  0 . 1 2 5  mm t h i c k ,  and
was o b t a i n e d  -from A l f a  Produc t s , I n c .  The n i c k e l  s h e e t  was 
c u t  i n t o  2 cm x 3 cm p i e c e s ,  s e a l e d  in e j a c u l a t e d  q u a r t z  
t u b e s ,  and then a n n e a l e d  a t  8 00° C and 1000°C f o r  1 h o u r .
The a v e r a g e  g r a  i n d i ame t e r , i n c l u d i  ng t w i n s ,  was 
measured by o p t i c a l  m i c r o s c o p y  a c c o r d i n g  t o  H e y n ' s  p r o c e d u r e  
< 1 1 9 ) ,  where the g r a i n  d i a m e t e r  as a mean i n t e r c e p t  l e n g t h  
i s  g i ve n  by
L =  Lt  /  PM
In  t h i s  e x p r e s s i o n ,  Lt  i s  t o t a l  t e x t - l i n e  l e n g t h ;  P i s  the  
number of  g r a i n  boundar y  i n t e r s e c t i o n s ,  and M i s  
magn i f  i c a t  i o n .
The spec imens were examined by TEM and e l e c t r o n  
d i f f r a c t i o n  t e c h n i q u e s  in a JEOL 100-CX m ic r os co p e  equ i ppe d  
w i t h  a s i d e  e n t r y  t i l t i n g  s t a g e  a l l o w i n g  a ± 6 0 °  t i l t  in the  
Y - d i  r e c t  i o n .
T h i n  f o i l s  s u i t a b l e  f o r  TEM e x a m i n a t i o n  were p r e p a r e d  
by Bol lmann and window method < 1 2 0 ) .  The specimen edges  
were c o a t e d  w i t h  a n o n c o n d u c t i n g  l a c q u e r  t o  e l i m i n a t e  the  
p r e f e r e n t i a l  p o l i s h i n g .  A p a i r  o f  s t a i n l e s s  s t e e l  p o i n t  
c a t h o d e s  were mounted c l o s e  t o  the c e n t e r  o f  the spe c i me n.  
The specimen was e 1 ec t r  opol  i shed in 2 5 /  p e r c h l o r i c  a c i d  and 
75' /  a c e t i c  a c i d  e l e c t r o l y t e  a t  20 P r e f e r e n t i a l
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p e r f o r a t i o n  a l w a y s  o c c u r r e d  a t  the top o f  the s pe c i me n.  The 
specimen was then t u r n e d  ups i de down, r e l a c q u e r e d  a l o n g  the  
edges and r e p o l  i shed u n t i l  p e r f o r a t  i on o c c u r r e d  a t  the t o p . 
The spec i men was then a g a i n  t u r n e d  u p s i d e  down and 
r e p o l i  shed u n t i l  p e r f o r a t  i on o c c u r r e d . T h i n  a r e a s  o f  the  
spec i men were c u t  by a sharp s t e e l  s e a l p e 1 or  f i n e  sc i s s o r s  
by p r e s s  i ng h a r d  on t o  the spec i men. Care was t aken t o  
p r e v e n t  t e a r i n g  or  damag i ng the f o i l .  D i s i o c a t  i ons were  
eas i 1y i n t r o d u c e d  i n t o  the f o i l s  dur  i ng h a n d l i n g .  H o w e v e r , 
t hese  d i s i o c a t  i ons t ende d to  be 1 ong and s t r a i g h t  < 1 2 1 ) ,  and 
c ou 1 d be eas i 1 y d i s t  i ngu i shed f rom those p r e e x i s t i n g  in the  
spec i me n. The advan tage  of  u s i n g  t h i s  conven t i onal  
e l e c t r o p o l  i s h i n g  me thod ( r a t h e r  than a J e t  pol i sh i ng 
t e c h n i q u e )  in t h i s  i n v e s t  i g a t  i on was t h a t  t h i c k e r  f o i l s  
< > 1 0 0  nm) were a l w a y s  o b t a  i ned and t h e r e f o r e  the chances of  
o b t a  i n i ng 1 ar ge  g r a  i n boundar y  a r e a s , su i t a b l e  f o r  s t u d y , 
were s i gn i f  i can t .
G r a i n  boundar y  su i t a b l e  f o r  de t a  i l e d  a n a l y s  i s was 
p h o t o g r a p h e d  a t  d i f f e r e n  t t i l t  angl  es in many-beam or  
two-beam cond i t i o n s . The m i sor  i en t a t  i on r e  1 a t  i onsh i ps 
between the g r a  i ns were de term i ned f rom e 1 ec t r o n  d i f f r a c  t i on 
s p o t s  and K Ikuch i p a t t e r n  anal  ysi  s . D i f f e r e n t  methods were  
used t o  de term i ne the m i sor  i en t a t  i on a x i s / a n g l e ,  and the  
p r o c e d u r e s  a r e  de sc r  i bed as f o i l o w s .
A g r a i n  boundary  i s  shown in F i g .  2 .  G r a i n s  1 and 2 are  
marked on the p h o t o g r a p h . Two se t s  of  d i f f r a c  t i on p a t t e r n s
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■from g r a i n s  1 and 2  a t  two d i - f - f e r e nt  t i l t  a n g l e s  a r e  shown 
I n F i g .  3 .  S i n ce  the d i -f-f r a c  t i on p a t t e r n  w i l l  change as the  
specimen or  i en t a t  i on c h a n g e s , the t i l t  angl  es o-f the  
m i c r o g r a p h s  were a l w a y s  r e c o r d e d  in o r d e r  t o  a i d  the  
i ndex i ng o-f di  - f - f ract  i on p a t t e r n s .
The d I -f-f r  ac t i on p a t t e r n s  were i nde xe d and the beam 
d i r e c  t i on o f  each was de term i ned by the r u l e s  o f  Ryder  and 
P i t c h  < 1 2 2 ) .  The 180 0 amb i gu i t y  i s  p r e s en  t in a l 1 
d i f f r a c t i o n  p a t t e r n s  t h a t  con t a  i n on 1y s p o t s  or  K ik u c h i  
l i n e s  f rom on 1 y one Laue zone of  the r e c  i p r o c a l  l a t t i c e .
T h a t  i s ,  any d i f f r a c  t i on spot  may be in de xe d  by r e v e r s i n g  
the I n d i c e s  w i thou t a l t e r i n g  the beam d i r e c  t i o n . H o w e v e r , by 
us i ng the two p a i r s  o f  beam d i r e c  t  i ons f o r  each g r a  i n , the  
180°  a m b i g u i t y  in the or  i en t a t  i on can be removed and un i que  
i ndex i ng o f  a l 1 the di f f r a c t  i on p a t t e r n s  can be o b t a i  n e d . In 
addi  t i o n , a s e r  i es of  di f f r a c  t i on p a t t e r n s  t aken a t  
d i f f e r e n t  t i l t  a n g l e s  were a l s o  used t o  check the  
cons i s t e n c y  o f  the i ndex i ng.
The m i sor  i en t a t  i on a x i s / a n g l e  pai  r  was de t ermi  ned by 
the s t e r e o g r a p h  i c p r o j e c  t i on me thod < 1 2 3 , 1 2 4 )  or  by the  
m a t r i x  c a l c u 1 a t  i on me thod < 1 2 5 ) .  The graph i ca l  me thod is  
shown in F i g .  4 .  The beam d i r e c  t i ons A,  and A2  in g r a  i ns 1 
and 2 were o b t a  i ned f r om  F i g s .  3< a )  and < b)  a t  the same t i l t  
a n g l e . The a x i s  o f  m i sor  i en t a t  i on s h ou1d be on a zone  
equ i d i s ta n  t f rom A, and A2 . On a s t e r e o g r a m , t h i s  i s  g i ve n  
by the g r e a t  c i r c l e  bi sec t i ng the g r e a t  c i r c l e  through Ai
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* n d  Az And con t a  I n I n g  th® p o l •  of  th® gr® a t  c l r c l ®  A l A2 , Bi 
and B2  a r e  the beam d i r e c t i o n s  in g r a i n s  1 and 2  a f t e r  
c e r t a i n  t i l t i n g  ( F i g s .  3 ( c )  and ( d ) > .  The b i s e c t i n g  g r e a t  
c i r c l e  can be drawn in the  same w a y . The m i sor  i en t a t  i on a x i s  
u l i e s  a t  the i n t e r s e c t i o n  o f  the two b i s e c t i n g  g r e a t  
c i r c l e s .  The a n g l e  o f  m i sor  i en t a t  i on i s  d e f  i ned as the a n g l e  
of  r o t a t i o n  o f  a di r e c t  i on in the p 1 ane which is  
p e r p e n d i c u l a r  to  u . The p r o j e c t i o n  of  Ai  and A2  on the g r e a t  
c i r c l e  of  u i s  shown as A * ' and Az " . The a n g l e  i s  de term i ned 
a l o n g  t h i s  g r e a t  c i r c l e .  I n t h i s  example the ax i s / a n g l e  is  
c l o s e  t o  [ 1 1 1  1 / 6 0  , h o w e v e r , the i n a c c u r a c y  in p l o t t i n g  the  
p o l e s  and in m a n i p u l a t i n g  the s t e r e o g r a m  l i m i t s  the a c c u r a c y  
of  t h i s  me thod t o  ± 2 ° a t  b e s t .
The m i s o r i e n t a t i o n  a x i s / a n g l e  was a l s o  d e t e r m i n e d  by 
u s i n g  the m a t r i x  a n a l y s i s  method d e v e l o p e d  by Young e t  a l . 
( 1 1 9 ) .  The m i s o r i e n t a t i o n  m a t r i x  was f o r m u l a t e d  f rom two 
KIkuch i p a t t e r n s  such as shown in F i g s .  3 ( a )  and ( b > .  The 
pr o c e d u r e  i n v o l v e s  the s e l e c t i o n  o f  t h r e e  o r t h o g o n a l  
c o or d i  n a t e  systems such as the c r y s t a l  f rame / C F / , the  
d i f f r a c t i o n  p a t t e r n  f rame / P F / „  and the r e f e r e n c e  f rame / R F /  
which i s  common t o  both p a t t e r n s .  A m a t r i x  [ CP3 r e p r e s e n t i n g  
the r o t a t i o n  o f  CF w i t h  r e s p e c t  t o  RF can be f o r m u l a t e d  f o r  
•  ach o f  the p a t t e r n s .  For  the case o f  F i g .  3 ,  the o r t h o g o n a l  
< 0 0 1 > t r a n s l a t i o n  v e c t o r s  a r e  chosen as CF. PF i s  d e t e r m i n e d  
by s e l e c t i n g  f rom the p a t t e r n  a c o n v e n i e n t  p o l e  and l i n e .
For g r a i n  1 ( F i g .  3 ( a ) ) ,  the 2P a x i s  i s  s e l e c t e d  to  be
29
p a r a l 1*1 t o  the [ 1 1 5 ]  p o l e ,  end the Xp a x i s  p e r p e n d i c u l a r  to  
the <220)  p l a n e .  The Yp a x i s  i s  d e f i n e d  by Zp x X p . The X,
Y ,  and Z axes o f  PF,  when r e f e r r e d  t o  CF, a re  then g i v e n  by 
the u n i t  v e c t o r s  [ 22 0  3 / / S ,  C 5 5 2 3 / / W ,  and C l l 5 3 / / Z 7 ,  
r e s p e c t i v e l y .  The RF s h o u l d  be s e 1ec t e d  such t h a t  i t  i s  
i n v a r i a n t  f o r  the two d i f f r a c t i o n  p a t t e r n s  b e i n g  a n a l y z e d .
In t h i s  c a s e ,  XR i s  drawn p e r p e n d i c u l a r  t o  the h o r i z o n t a l  
l i n e  o f  the f i l m  c a r t r i d g e ;  ZR i s  a n t i p a r a l l e l  t o  the  
i n c i d e n t  beam, and YR i s  g i ve n  by ZR x XR . The m a t r i x  [ CP3, 
which s p e c i f i e s  the r o t a t i o n  o f  CF i n t o  PF,  can be 
f o r m u l a t e d  as
2/s w 2//ET 0
[ CP3i = -5 /Z 5 4 5 /Z54 2 / /5 3
1 / /2 7 - 1 / / 2 7 5 /S 27
0 2 /S W - 2 / S W
[ CP3 2 - - 2 / / S \ / / S 1 / s w
1 / / 3 1 / / S ' 1 / / 3 "
The m a t r i x  CPR3, which r e p r e s e n t s  the r o t a t i o n  o f  PF 
i n t o  RF, i s  g i v e n  by CPF3 = CC3 [B3 CA3
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where
[A3
1
0
0
0
cos a  
s i n a
- s i n  a 
cos a
CB3
cos P 
0
•s in  P
0
1
0
s i n  P
0
cos P
[ C3 =
cos y  
s i n  ^ 
0
■ s i n  Y 
cos Y 
0
0
0
1
[ A 3 ,  [ B 3 , and [ C3 a r e  m a t r i c e s  r e p r e s e n t i n g  s e q u e n t i a l  
r o t a t i o n s  about  the X p , Yp , and Zp a x e s .  The E u l e r  a n g l e s  
ar e  r e p r e s e n t e d  by a ,  P ,  and y .  The a n g l e s  a and P a r e  computed  
•from the - f o l l o w i n g  e q u a t i o n s
a s i n [ D s i n  £ /  <Ds + L*>
P = tan [ D cos £ /  L 3.
where D i s  the d i s t a n c e  between the [1153  p o l e  c e n t e r  and 
the t r a n s m i t t e d  beam spot  on the p h o t o g r a p h ,  L i s  the  
e f f e c t i v e  camera 1 e n g t h , and £ i s  the angl  e measured -from Zp 
t o  Xp . The a n g l e  Y i s  measured -from Xp t o  XR . From F i g .  3<a>,  
L“ 46 cm, D“ 2 . 7  cm, a “ - 3 . 3 6 ° ,  P«0 , V® - 1 2 0 ° ,  and £® - 9 0 ° ,
the n e g a t i v e  s i g n  i n d i c a t e s  t h a t  the measurement  i s  made in
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*  counter -e l  ockwl se d i r e c t i o n .  The m a t r i x  CCR3 which  
s p e c i f i e s  the r o t a t i o n  o-f CF i n t o  RF i s  
CCR3 = [PR]  [ CP3.
The r o t a t i o n  m a t r i x  CM1 Z 3,  which r e p r e s e n  t s  the  
r o t a t i o n  o-f CFt i n t o  CF2 , i s
CM1 2 3 = C CR3 2 - 1 C CR31 = [ C P ] ^ - 1 [ PR3 2 _1 [ PR3i  CCP31.
I-f the r o t a t i o n  m a t r i x  i s
CM1 2 3 =
a » i
a 2 1 
a 3 1
a 1 2  
a 3 z  
a 3 2
a t s 
a 2 s  
a 3 3
the r o t a t i o n  a n g l e  i s  g i v e n  by 2  c os 8  + 1 = a n  + a 2 z + a 3 3 , 
and the d I r ec  t i on o-f the r o t a t  i on ax i s i s  < a 3 2  -  a 2 s> »
( a t 3  -  a 3 i ) ,  <a 2 i -  a 1 2 ) . U si ng  t h i s  method,  the  
m i sor  i en t a t  i on a x i s / a n g l e  o-f the bo undar y  shown in F i g .  2 
i s  [ - 0 . 9 9 7 9 6  0 . 9 4 7 6 7  1 . 0 8 8 3 8 3  /  60.64° .  The above  
c a l c u l a t i o n s  can be c a r r i e d  out  by a p o ck e t  programmable  
c a l c u 1 a t o r .
The m a j o r  e r r o r  i n v o l v e d  in t h i s  a n a l y s  i s i s  the  
c o o r d i n a t e  p o s i t i o n  o f  RF on the e l e c t r o n  d i f f r a c t i o n  
p a t t e r n .  Young e t  a l . <125)  c l a i m e d  t h a t  the m i sor  i en t a t  i on 
a x i s / a n g l e  d e t e r m i n e d  by t h i s  method can be o b t a i n e d  to  
w i t h i n  + 0 . 2 ° .  However ,  the most i m p o r t a n t  r e q u i r e m e n t  f o r  
the a c c u r a t e  d e t e r m i n a t i o n  o f  the m i s o r i e n t a t i o n  a x i s / a n g l e  
i s  t h a t  the t h i n  f o i l  s u r f a c e  must be smooth and u n i f o r m l y
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t h i c k .  Not  a l l  o-f the b o u n d a r i e s  in t h i s  s t u d y  were  
p h ot og r a p h e d  -from u n i f o r m l y  t h i c k  spec imens due to  the  
l i m i t a t i o n s  o f  sample p r e p a r a t i o n  method.  T h e r e f o r e ,  the  
a c c u r a t e  c a l c u 1 a t  i on o f  the m i sor  i en t a t  i on a x i s / a n g l e  was 
not  p o s s i b l e  in many c a s e s .
The o r i e n t a t i o n  o f  the g r a i n  boundar y  p l a n e  was 
o b t a i n e d  f rom t r a c e  a n a l y s i s .  T h i s  a n a l y s i s  i s  based on the  
d e t e r m i n a t i o n  o f  the d i r e c  t i on o f  the i n t e r s e c t i o n  o f  the  
boundary  p 1 ane wi th the f o i l  s u r f a c e , and the a n g l e  be tween 
the boundar y  p 1ane and the  f o i l  n o r m a l . For the boundary  
shown in F i g .  2 , the f o i l  normal i s  c l o s e  t o  [ 2 1 0 ] and 
marked as FN in F i g .  5 .  The f o i 1 t h i c k n e s s  was o b t a i  ned f rom  
the number o f  t h i c k n e s s  f r  i nges o b se r v e d  in a two-beam image 
a t  s« 0  < s is  d e v i a t i o n  p a r a m e t e r )  and the beam d i r e c t i o n  
w i t h i n  5°  of  FN. The f o i l  t h i c k n e s s  i s  ~ 1 3 7 . 5  nm in t h i s  
case and the p r o j e c t e d  w i d t h  o f  the bo undar y  p l a n e  i n t o  the  
f o i l  p l a n e  i s  250 nm. The a n g l e  between the f o i l  p l a n e  and 
the boundary  p l a n e  i s  29 < t a n 0  = 1 3 7 . 5  / 2 5 0 ) .  U si ng  the  
s t e r e o g r a m  shown in F i g .  5 ,  the g r e a t  c i r c l e  AB r e p r e s e n t s  
the f o i l  p 1ane w i t h  f o i 1 normal  FN, and p o l e  C is  the  
d i r e c t i o n  of  i n t e r s e c t i o n  of  the boundar y  p l a n e  w i t h  the  
f o i l  p l a n e .  A f t e r  d r a w i n g  the g r e a t  c i r c l e  of  p o l e  C and 
m e a s u r i n g  a n g l e  2 9 °  f rom FN on the g r e a t  c i r c l e ,  the  
d i re c  t i on o f  the bo undar y  p 1 ane was de term i ned to  be [1113  
which i s  w i t h i n  the e x p e r i m e n t a l  e r r o r  ± 5 ° .  M a j o r  e r r o r s  in 
t h i s  t r a c e  a n a l y s i s  r e s u l t  f rom the d a t a  v a l u e  of  e x t i n c t i o n
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d i s t a n c e  which i s  o n l y  a c c u r a t e  to  10'A even in pure  
me t a l s  and th® e x p e r I  me nt a l  e r r o r s  in s e t t i n g  s = 0 .
The l i n e  d i r e c t i o n  o-f a d i s l o c a t i o n  in the boundary  
plan® ean be d e t e r m i n e d  e a s i l y  I f  the o r i e n t a t i o n  o-f the  
boundar y  p 1ane i s  known. For the d i si  o c a t  i on s e t s  1 , 2 ,  3 ,  
and 4 shown in F i g .  2 ,  the l i n e  d i r e c  t  i ons o-f these  
d i s l o c a t i o n  n e t w o r k s  were d e t e r m i n e d  by the t r a c e  a n a l y s i s  
shown in F i g .  6 .  The beam di r e c t  i on i s  c 1ose t o  [2103  and is  
7® -from the - foi l  n o r m a l .  The boundary  p l a n e  ( 1 1 1 )  i n t e r s e c t s  
the ( 2 1 0 )  p l a n e  a l o n g  the d i r e c t i o n  shown as p o l e  C on the  
g r e a t  c i r c l e  o-f B. The p r o j e c t e d  d i r e c t i o n  o-f d i s l o c a t i o n  
s e t s  1,  2 ,  3,  and 4 i n t o  the di - f - f ract  i on p a t t e r n  i s  7°  
a n t i c l o c k w i s e  -from C and 6 0 0 , 1 27°  and 17°  c l o c k w i s e  f rom  
C, r e s p e c t i v e l y .  A f t e r  p r o j e c t i n g  t hese  p o l e s  i n t o  the g r e a t  
c i r c l e  o f  [ T i l ] ,  the l i n e  d i r e c t i o n s  were f ound t o  be c l o s e  
t o  [ 1 2 1 3 .  [ 1 1 2 ] ,  [ 2 1 1 3 ,  and [ O i l ]  r es pe c  t i v e 1y , w i th the  
e r r o r  up t o  +5 . Two o t h e r  p h ot og r a p h s  w i t h  d i f f e r e n t  beam 
d i r e c  t i ons in c r y s t a l  g r a  i n 1 were a l s o  used t o  check the  
v a l i d i t y  o f  the above r e s u l t s .
The d e t e r m i n a t i o n  o f  B u r g e r s  v e c t o r s  o f  the g r a  i n 
bo undar y  d i s l o c a t i o n s  i s  v e r y  i m p o r t a n t  t o  s t u d i e s  o f  g r a i n  
bo unda ry  s t r u c t u r e .  The g . b  =0 and g . b x t  =0 methods f o r  
t h e i r  d e t e r m i n a t i o n  have been used w i d e l y  by many 
r e s e a r c h e r s  ( 5 9 , 9 5 ) .  H o we v er , as ment i oned b e f o r e , the  
B u r g e r s  v e c t o r s  o f  the s eco nda ry  DSC d i s l o c a t i o n s  are  
u s u a l l y  c o n s i d e r a b l y  s m a l l e r  than those o f  the c r y s t a l
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d i s l o c a t i o n s ,  and t h e i r  image c o n t r a s t  i s  u s u a l l y  v e r y  weak.  
In t h i s  i n v e s t i g a t i o n ,  th© g . b  and g . b x t  c r i t e r i a  were used  
as a gu i d e 1 i ne t o  check the cons i s t e n c y  o f  the d i r ec  t i ons of  
B u r g e r s  v e c t o r ®  of  i n t r i n s i c  g r a i n  boundar y  d i s l o c a t i o n s  
which were d e t e r m i n e d  by the DSC m o d e l . In  a d d i t i o n ,  the  
e n e r g y  b a l a n c e  o f  the d i s l o c a t i o n  r e a c t i o n s  in the boundary  
p l a n e  was a l s o  used to  check the v a l i d i t y  o f  the r e s u l t s .
The weak beam dar k  f i e l d  <WBDF> t e c h n i q u e  < 1 2 6 ) ,  which  
i s  an i m p o r t a n t  method o f  p r o d u c i n g  h i gh  r e s o l u t i o n  
di f f r a c  t i on con t r a s t  i mages o f  c r y s t a l  d e f e c  t s , has been 
used in some cases  in t h i s  s t u d y .  The weak beam c o n d i t i o n  is  
a c h i e v e d  by t i l t i n g  the spec i men so t h a t  the r e c  i p r o c a l  
l a t t i c e  p o i n t  i s  t i l t e d  away f rom the Ewald s p h e r e ,  t h a t  i s ,  
i n c r e a s i n g  the v a l u e  of  s of  a s p e c i f i e d  r e f l e c t i o n  g f o r  
i ma g in g .  The image w i d t h  o f  a d i s l o c a t i o n  i s  a p p r o x i m a t e l y  
"f0 / 3 , where i s  the e x t i n c t i o n  d i s t a n c e  f o r  the r e f l e c t i o n  
g,  and the v a l u e  of  % ,  in t u r n  var  i es i n v e r s e 1y as s .  Thus  
the image w i d t h  of  a d i s l o c a t i o n  can be r e d u c ed  t o  1 . 5  nm 
which i s  c 1 ose t o  the w i d t h  o f  the d i s i o c a t  i on c o r e .
Over f i v e  hundred g r a i n  b o u n d a r i e s  o f  a n n e a l e d  n i c k e l  
were examined in the TEM. Genera l  f e a t u r e s  of  the boundar  i es 
were c o n c l u de d  f rom the o b s e r v a t i o n s .  S i nce  g r a i n  b o u n d a r i e s  
a s s o c i a t e d  wi th 1 ar ge  a r e a s  were o b t a  i ned on 1 y by chance , 
f i f t y  g r a i n  b o u n d a r i e s  c o u l d  be i n c l u d e d  in the d e t a i l e d  
s t u d i e s .  The f o l l o w i n g  c h a p t e r s  w i l l  r e p o r t  t hese  
o b s e r v a t  i o n s .
C h a p t e r  IU R e s u l t s  and A n a l y s i s
In  t h i s  c h a p t e r ,  the r e s u l t s  o f  the e x p e r i m e n t a l  work  
a r e  d e s c r i b e d .  The c h a p t e r  d e a l s  w i t h  b o u n d a r i e s  in the  
a s - r e c e i v e d  c o n d i t i o n ,  hexagonal  d i s l o c a t i o n  n e t w o r k s  in 
t w i n  b o u n d a r i e s ,  c o i n c i d e n c e  r e l a t e d  b o u n d a r i e s  in m a t e r i a l  
a n n e a l e d  a t  8 0 0 ° C ,  and b o u n d a r i e s  in m a t e r i a l  a n n e a l e d  a t  
10Q0°C.
1.  G r a i n  B o u n d a r i e s  in A s - R e c e i v e d  N i c k e l
The a s - r e c e i v e d  n i c k e l  s h e et  i s  in the p l a s t i c a l l y  
defor med and s l i g h t l y  a n n e a l e d  c o n d i t i o n  as r e p o r t e d  by the  
s u p p l i e r .  F i g .  7 i s  an o p t i c a l  m i c r o g r a p h  o f  the
m a t e r i a l .  The a v e r a g e  g r a i n  s i z e  is  about  23 pm, ho we ve r ,  
the v a r i a t i o n  i s  v e r y  l a r g e .  For e xampl e ,  some g r a i n s  a r e  as 
l a r g e  as 75 pm and some t w i n s  as smal l  as 5 pm. Many smal l  
g r a i n s  or t w i n s  e x i s t i n g  a t  t r i p l e  j u n c t i o n s  o f  the  
b o u n d a r i e s  i n d i c a t e  t h a t  the m a t e r i a l  i s  in the r e c o v e r y  and 
r e c r y s t a l  1 i z a t i o n  s t a g e .
TEM o b s e r v a t i o n  shows t h a t  the d i s i o c a t  i on dens i t i e s , 
both in the g r a i n  and g r a i n  b o u n d a r i e s ,  are  h i g h ,  and t h a t  
the d e f e c t  c o n t e n t  in the  g r a i n  b o u n d a r i e s  v a r i e s  f rom g r a i n  
t o g r a i n .  S i nce  g r a i n  boundary  s t r u c t u r e  in the a s - r e c e i v e d  
n i c k e l  i s  v e r y  c o mp le x ,  no q u a n t i t a t i v e  a n a l y s i s  c o u l d  be 
p u r s u e d ,  the m i c r o g r a p h s  shown here  r e p r e s e n t  the g en e ra l
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■features in the spec ime n.
F i g s .  8 < a ) - < e )  show the d e f e c t  s t r u c t u r e  in s e v e r a l  
t w i n  b o u n d a r i e s .  L a t t i c e  s l i p  d i s l o c a t i o n s  a r e  a bs or be d i n t o  
and i n t e r a c t  w i t h  the boundar y  as shown in F i g s .  8 <a) and 
<b ) . In  many cases  the d i s l o c a t i o n  d e n s i t y  i s  so g r e a t  t h a t  
I s  i m p o s s i b l e  t o  d i s t i n g u i s h  between the i n d i v i d u a l  d e f e c t s .  
F i g .  8 <c) i s  a t wi n  boundar y  p h o t og ra p he d  under  a two-beam  
b r i g h t  f i e l d  cond i t i on w i t h  the d i f f r a c  t i on vec t o r  g = C 0 2 2 3 , 
which i s  common to both the m a t r i x  and t w i n .  Both g r a  i ns 
appe ar  w i t h  the same backgr ound i n t en s  i t y  and no th i ckness  
f r i n g e s  were o b s e r v e d . Th i s i nd i c a t e s  t h a t  the boundary  
s t i l l  r e m a i n s  " c o h e r e n t "  a l t h o u g h  many l a t t i c e  d i s l o c a t i o n s  
have run i n t o  the bo undar y  d u r i n g  t her momechani ca l  
t r e a t m e n t .  F i g .  8 <d) i s  a t wi n  boundar y  imaged in the weak 
beam da rk  f i e l d  c o n d i t i o n .  The change o f  the t h i c k n e s s  
f r i n g e  spac i ng a c r o s s  the boundary  may be due t o  an 
o r i e n t a t i o n  change o f  the boundary p l a n e .  I t  can be seen 
t h a t  both g r a i n  bo undar y  d i s l o c a t i o n s  and l e d g e s  cause a 
l o c a l  o f f s e t  o f  t h i c k n e s s  f r i n g e s .  Because o f  the s m a l l e r  
s p a c i n g  of  the t h i c k n e s s  f r i n g e s  in weak beam da rk  f i e l d ,  
the t op o gr a ph y  o f  the boundar y  p l a n e  can be o b s e r v e d  more 
c l e a r l y .  The image w i d t h  o f  a l edge u s u a l l y  changed w i t h  a 
change in the specimen o r i e n t a t i o n  and the image c o n t r a s t  of  
the l edge  is in de pe nd en t  o f  the imaging d i f f r a c t i o n  v e c t o r ,  
ho we ve r ,  t h i s  is  not  the case f o r  g r a i n  boundary  
d i s l o c a t i o n s ,  such as d i s l o c a t i o n s  D which a r e  i n v i s i b l e  a t
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9 = C2 2 0  3 in F i g .  8 < e ) .
A l l  of  th© g r a i n  boundar y  d i s l o c a t i o n s  o b s e r v e d  in 
F i g s .  8 <c) and <d) a r e  e x t r i n s i c ,  and were i n t r o d u c e d  i n t o  
the boundar y  by the p r e v i o u s  thermomechan i ca l  t r e a t m e n  t .
They r e t a i n  t h e i r  long r ange  s t r a i n  f i e l d .  The d i s t r i b u t i o n  
and a r r a ng em e nt  o f  d i s i o c a t  i ons in the bo unda ry  p 1 ane a re  
i r r e g u 1 a r .
F i g .  9 i s  a n e a r - t w i n  b o u n d a r y . Two s e t s  of  DSC 
d i s l o c a t i o n  a r r a y s  were o b s er v ed  as shown in F i g s .  ?<a)  and
<b>.  The v a r i a t i o n  in s p a c i n g  o f  both s e t s  o f  d i s l o c a t i o n s
may be due to  the  t o p o g r a p h i c a l  d e f e c t s  in the  boundar y  
p l a n e .  The amount o f  a bs o rb ed  l a t t i c e  d i s l o c a t i o n s  in the  
boundar y  i s  h i g h e r  than in the m a t r i x .  The d i s s o c i a t i o n  i n t o  
DSC d i s l o c a t i o n s  o f  a l a t t i c e  d i s l o c a t i o n  i m p i n g i n g  on the  
boundar y  i s  marked in F i g .  9< a ) . I t  was n o t e d  t h a t  the image
c o n t r a s t  of  the DSC d i s l o c a t i o n s  i s  a l w a y s  we ak er  than t h a t
o f  the l a t t i c e  d i s l o c a t i o n s .  T h i s  i s  because the B u rg er s  
v e c t o r  o f  a DSC d i s l o c a t i o n  i s  u s u a l l y  s m a l l e r  than t h a t  of  
a l a t t i c e  d i s l o c a t i o n  and the image c o n t r a s t  o f  a 
d i s l o c a t i o n  r e s u l t s  f rom the d i s p l a c e m e n t  f i e l d s  o f  the  
d i s l o c a t i o n .  F i g .  ?<c)  was imaged by a common d i f f r a c t i o n  
v e c t o r ,  E0223,  o f  two g r a i n s .  The p r e s en ce  o f  M o i r e  f r i n g e s  
which  a r e  p a r a l l e l  t o  the common d i f f r a c t i o n  v e c t o r  g i v e s  
e v i d e n c e  t h a t  t h e r e  i s  mismatch between ( 0 2 2 ) p l a n e s  o f  two 
g r a i n s .  The d e v i a t i o n  f rom the e x a c t  t wi n  o r i e n t a t i o n  i s  
accommodated by a h i gh  d e n s i t y  of  DSC d i s l o c a t i o n s .
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F i g .  10 shows a n e a r - c o i n c i d e n c e  2 2?  ( 1 1 0 1 3 / 2 9 . 5 ° )  
b o u n d a r y . One s e t  o f  ■fine and - f a i n t  l i n e s ,  which are  
i n t r i n s i c  d i s i o c a t  i o n s , was o b s e r v e d . Many e x t r i n s i c  
d i s l o c a t i o n s  a r e  a s s o c i a t e d  w i t h  1 edges s i n c e  the image 
w i d t h  changes cons i d e r a b l y  when the t i l t  o f  the spec i men i s  
changed as shown by the a r ro w in the f i g u r e .
F i g .  11 i s  a low a n g l e  boundary  ( E 0 1 1 3 / ~ 5 ° ) .  the  
pr  imary di s i o c a t  i on n e t w o r k s  were not  di s c er n  i b l e , but  a 
hi gh d e n s i t y  o f  l e d g e s  was o b s e r v e d .  The image w i d t h  o f  the  
1 edge i s  g r e a t e r  than t h a t  of  the d i s i o c a t  i o n . Compar i ng 
F i g s .  1 1 ( a )  and < b ) , i t  can be seen t h a t  M o i r e  f r i n g e s  
d e l i n e a t e  the 1 ocal  t o p o gr a p hy  more c 1 e a r  1 y .
F i g .  12 i s  a n e a r - c o i n c i d e n c e  boundary  2 3 3  < t 1 1 0 3 / 2 0 . 2 5 °  
>.  T h r e e  s e t s  o f  d i s l o c a t i o n s  A,  B , and C were o b s e r v e d .
F i g .  1 2 ( a )  i s  a weak beam dar k  f i e l d  image.  I t  can be seen 
t h a t  the spac i ngs o f  di s i o c a t  i on s e t s  B and C a r e  not  
u n i f o r m  and h i gh  d e n s i t y  o f  l e d g e s  i s  p a r a l l e l  to  the l i n e  
di r ec  t i ons of  di s i o c a t  i on s e t s  B and C . The 1 edge c o n t r a s t  
in some r e g i o n s  a p p e a r s  as b r i g h t  or  da rk  r e g i o n  and 
po ssesses  l a r g e r  image w i d t h  than l a t t i c e  d i s l o c a t i o n  in the  
same m i c r o g r a p h .
The o b s e r v a t i o n  t h a t  the g r a i n  b o u n d a r i e s  in t h i s  
m a t e r i a l  c o n t a i n  a h i gh  d e n s i t y  of  e x t r i n s i c  d i s l o c a t i o n s  
and l e d g e s  is  c o n s i s t e n t  w i t h  p r e v i o u s  r e s u l t s  ( 1 1 5 ) .  
E x t r i n s i c  g r a i n  bo undar y  d i s l o c a t i o n s  and l e d g e s  are  
i n t r o d u c e d  i n t o  the boundar y  as a r e s u l t  o f  ther momechani ca l
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t r e a t m e n t .  In t h i s  s t a g e ,  the s t r a i n  - f i e l d s  o f  e x t r i n s i c  
d i s l o c a t i o n s  a re  not  r e l a x e d  much due t o  the random 
d i s t r  i bu t i o n .
D u r i n g  p l a s t i c  de-format i on or  anneal  i n g , d i si  o c a t  i ons 
s l i p  a l o n g  v a r i o u s  g l i d e  p l a n e s  in e i t h e r  o f  the g r a i n s  
composing the g r a i n  b o un da r y .  They a l s o  tend to g l i d e  
t hrough the i n t e r f a c e .  Under c e r t a i n  c i r c u m s t a n c e s ,  t h e y  can 
a g g l o m e r a t e  t o  f orm g r a i n  boundary  l e d g e s .  Ledges or  l a r g e  
s t e p s  ( 1 - 1 0  nm> may be f ormed by the c o a l e s c e n c e  and 
a g g l o m e r a t i o n  of  e x t r i n s i c  d i s l o c a t i o n s .  Such l e d g e s  s h ou l d  
be a p r o m i n e n t  s t r u c t u r a l  f e a t u r e  in the not  w e l l  a n n e a l e d  
g r a  i n boundar  i es in me t a l s .
Murr  ( 1 1 5 )  s u g g e s t e d  a p h en om en ol og i ca l  model of  g r a i n  
boundar y  s t r u c t u r e ,  in which the g r a i n  boundary  s t e p s  and 
l e d g e s  r e s u l t  f rom the a d j u s t m e n t  or s h u f f l i n g  o f  the  
boundary  p l a n e  c o n t a i n i n g  g r a i n  boundary  d i s l o c a t i o n s .  T h i s  
r e a r r a n g e m e n t  pr oduced c o i n c i d e n t  boundary  r e g i o n s .  Boundary  
p l a n e  i n c l i n a t i o n  and c u r v a t u r e  o c c u r r e d  by a d j u s t m e n t s  of  
l e d g e s .  The c u r v e d  boundary  p l a n e  and p a r a l l e l  l e d g e s  
o b s e r v e d  in the p r e s e n t  s t u d y ,  and shown in F i g .  12,  
p r o b a b l y  r e s u l t e d  f rom t h i s  mechan i sm.
2 .  E x t r i n s i c  D i s l o c a t i o n  N e t w o r k s  in Twin B o u n d a r i e s
The g r a i n  s i z e  ( ~ 2 5  i^m> of  n i c k e l ,  a f t e r  a n n e a l i n g  a t  
8 0 0 ° C ,  i s  s i m i l a r  to  t h a t  o f  the a s - r e c e i v e d  m a t e r i a l  ( F i g .
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1 3 ) .  TEM m i c r o g r a p h s  show t h a t  the d i s l o c a t i o n  d e n s i t y  in 
the g r a i n s  d e c r e a s e d  a f t e r  a n n e a l i n g ,  w h i l s t  the a r ra ng eme nt  
o f  th® d i s l o c a t i o n s  in the boundary  tended to  be more 
r e g u 1 a r .
F i g s .  1 4 - 1 6  a r e  TEM m i c r o g r a p h s  o f  s e v e r a l  t w i n  
boundar  i e s . The g r a  i n boundary  p 1anes a r e  a l 1 c 1ose to  
<1 1 1 ) ,  and a h i gh  p r o p or  t i on o f  hexagonal  d i s i o c a t  i on 
n e t w o r k s  ar e  c 1 e a r  1 y v i s i b l e  in each b o u n d a r y . The 
conf  i g u r a t  i on of  hexagonal  d i s i o c a t  i on ne t wo rk s  in the t w i n  
boundary  may change to  a 1 o ze ng e- sha pe  d e pe nd ing  on the 
d i f f r a c t i o n  cond i t i on and t i l t  a n g l e  of  the spec i men.
The B ur g e r s  vec t o r s  of  d i s i o c a t  i ons in a coheren t t wi n  
b oundar y  were d e t e r mi  ned wi th r e l a t i v e  ease by u s i n g  the  
method r e p o r t e d  by B a r r y  e t  al  . < 127)  and A r d e l l  e t  al  . 
< 1 2 8 ) .  T h i s  me thod uses the two-beam cond i t i on under  which  
the d i f f r a c  t i on vec t o r  i s  common t o  both g r a  i ns such as 
<220> or <113>.  Image con t r a s t  a n a l y s i  s and a de termi  na t  i on 
of  the l i n e  d i r ec  t i ons o f  the t h r e e  s e t s  of  d i s i o c a t  i ons 
shown in F i g s .  1 4 - 1 6  have p r ov e d  t h a t  t h e y  a r e  a/ 6  <112> 
t ype  d i s i o c a t i  o n s .
The pr es en ce  of  di s i o c a t  i on a r r a y s  in a coheren t t wi n  
boundar y  can change the m i sor  i en t a t  i on ax i s / a n g l e  o f  the  
boundar y  or  the boundary  p 1a n e . In t hese  boundar  i e s , the  
e x t r a  m i sor  i en t a t  i on caused by the d i s i o c a t  i on n e t wo r k s  w i t h  
s p a c i n g  1a r g e r  than " 30  nm was v e r y  s m a l 1 and c o u 1d not  be 
d e t e r m i n e d  by the p r e s e n t  a n a l y s i s .  In a d d i t i o n ,  the
boundary  plan® a lwa ys  r e m a in s  c o n t i n u o u s  a c r o s s  the two 
g r a i n s  under  two-beam common imaging c o n d i t i o n s  such as  
g=C220]  or  t 1133 .
Di ssoc i a t  i on r ea c  t i ons of  the l a t t i c e  di s i o c a t  i ons  
which impinged on the t wi n  boundary  were o b se r v e d  as shown 
In F i g s .  14 and 15.  The d i s i o c a t  i on ar rangemen t in the  
boundary  was a l wa y s  d i s t u r b e d  by the d i s s o c i a t i o n  p r o d u c t s  
of  a bs or be d l a t t i c e  d i s i o c a t  i o n s .
F i g s .  1 6 ( a )  shows the w e l l  d e v e l o p e d  hexagonal  
d i s i o c a t  i on n e t w o r k s  in a t wi n boundar y  w i t h  the boundary  
p l a n e  < 111 > i . F i g .  16<b> shows an e a r l y  s t a g e  o f  d i s l o c a t i o n  
r e a c t i o n  in a n o t h e r  r e g i o n  o f  the same b o un d a r y .  Both  
hexagonal  and i r r e g u l a r l y  shaped d i s l o c a t i o n  n e t w o r k s  were  
o b s e r v e d .  I t  is  i n t e r e s t i n g  to  no te  t h a t  the d i s l o c a t i o n s  in 
some a r e a s  e x h i b i t  the e x t e n d e d  K .  node c o n f i g u r a t i o n  which  
has been o b se r ve d  in copper  a l l o y s  and in Si ( 1 2 9 - 1 3 1 ) .
The r u n - i n  l a t t i c e  s l i p  d i s l o c a t i o n s  which d i d  not  show 
d i s s o c i a t i o n  r e a c t i o n  were a l s o  o b se r ve d  in the b o un d a r y .
The B u r g e r s  v e c t o r  of  t hese  d i s l o c a t i o n s  was d e t e r m i n e d  to  
be a / 2  [ O i l ]  , which i s  not  l y i n g  in the boundar y  p l a n e ,  
i n d i c a t i n g  t h a t  the d i s l o c a t i o n s  a re  s t i l l  s t a b l e  in the  
boundar y  a f t e r  a n n e a l i n g  a t  800 ° C . I t  was a l s o  n o t e d  t h a t  
the image c o n t r a s t  of  some s l i p  d i s l o c a t i o n  segments are  
f a i n t ;  f o r  e xa mpl e ,  r e g i o n  AB shown in F i g .  1 6 ( b ) .
A p p a r e n t l y  t h e i r  s t r a i n  f i e l d s  were weakened by the pr esence  
of  n e i g h b o r i n g  hexagonal  d i s l o c a t i o n  n e t w o r k s .
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F i g .  17 is  a n e a r - t w i n  bo undar y  which i s  the same 
boundary  shown in F i g .  2 ,  and the c r y s t a l  1ogra ph y  has been 
a n a l y z e d  in d e t a i l  in Chap t e r  I I I .  The mi s or  i e n t a t  i on is  
near  t i l l  3 / 6 0  w i t h  the boundar y  p l a n e  c l o s e  t o  < 1 1 1 ) .  F i v e  
s e t s  o f  l i n e  d e f e c t s  were  o b s e r v e d . L i n e  d e f e c t s  1 - 4  shown 
in F i g .  17 were o b s er v ed  under  c e r t a i n  o p e r a t  i ng r e f l e c t i o n s  
f rom both g r a i n s .  T h i s  i m p l i e s  t h a t  t h e y  a r e  g r a i n  boundary  
d i s l o c a t i o n s  and a r e  a l l  l y i n g  in the bo undar y  p l a n e .  
D i s l o c a t i o n  s e t s  1 - 3  were a r r a n g e d  as he xa gons .  U s i ng  the  
g . b  c r i t e r i o n ,  the B u r g e r s  v e c t o r s  were i d e n t i f i e d  as a / 6  
<112> type  and the l i n e  d i r e c t i o n s  o f  the d i s l o c a t i o n s  are  
p a r a l 1e 1 to  the B u r g e rs  v e c t o r s  as shown in T a b l e  1.  
D i s l o c a t i o n s  in s e t  4 ,  w i t h  a s p a c i n g  " 2 9  nm, a r e  p a r a l l e l  
to  the C0 1 1 3 1 d i r ec  t i on and a r e  v i s i b l e  under  most o p e r a t  i ng 
r e f l e c t i o n s .  The weak image c o n t r a s t  a t  both g=C0223 and 
C2023 r e f l e c t i o n s  s u g g e s t s  t h a t  the B u r g e r s  vec t o r  i s  most  
p r o b a b l y  of  the a / 3  C1113 type w i t h  edge c h a r a c t e r .  L i n e  s et  
5 was o b s e r v e d  on 1 y in the  two-beam condi  t  i on wi th g=C2023 
( F i g .  1 7 ( c ) ) .  S i nce  t hese  l i n e s  a r e  not  p a r a l l e l  t o  the  
o p e r a t  i ng d i f f r a c  t  i on vec t o r  t h e y  a r e  p r o b a b l y  not  Mo i r e  
f r i n g e s ,  but  more l i k e l y  i n t r i n s i c  g r a i n  boundary  
d i s l o c a t i o n s .  However ,  the B u r g e r s  v e c t o r  o f  t hese  l i n e s  
c o u l d  not  be d e t e r m i n e d  . The p o s s i b i l i t y  t h a t  t h e y  a re  
f r i n g e s  caused by i n t e r f e r e n c e  e f f e c t s  cannot  be r u l e d  out  
comp 1e t e 1y .
L a t t i c e  d i s l o c a t i o n s  A,  B, C, D, E,  and F ,  which
--------------------------
D i s l o c a t i o n
Set 1 2 3 U
^Burgers
\ ' ' '<sc§ctor
% \  i g ^ r -
| r i 2 i i | r l i 5 i |r211] | r i i i ]
022 i 1 0 0
202 0 1 1 0
002 1/3 2/3 1/3 2/3
111 1/3 1/3 2/3 1/3
ii
111 1/3 2/3 1/3 1/3
Table 1 V alues  o f  g . b  f o r  DSC d i s l o c a t i o n s  and 
r e f l e c t i o n s  i n  c r y s t a l s  1.
impinged on the b o un d a r y ,  have been a n a l y z e d .  D i s l o c a t i o n s  
A,  Bp and C a r e  in g r a i n  1 and d i s l o c a t i o n s  D, E , and F are  
in g r a i n  2 .  The B u r g e r s  v e c t o r  o f  each di s i o c a t  i on was 
d e t e r m i n e d  and i s  shown in T a b l e  2 .  By c a r e f u l  e x a m i n a t i o n  
o f  F i g s .  1 7 ( a ) , <b) and <d ) , i t  can be seen t h a t  each 
l a t t i c e  d i s l o c a t i o n  has d i s s o c i a t e d  i n t o  d i s l o c a t i o n  4 and 
one segment o f  d i s l o c a t i o n s  1 - 3 .
The p o s s i b l e  d i s l o c a t i o n  r e a c t i o n s  a r e  f o l l o w s :
D i s l o c a t i o n  A a / 2  C 0113 *  a a / 3  Cl 113 + a / 6  C 2 1 1 3 ,
Di si  o c a t  i on B a / 2  cloi  3 1 --------- > a / 3  Cl 113 + a / 6  Cl 213 ,
D i s l o c a t i o n  C a / 2  Cl 103»  » a / 3  C1113 + a / 6  Cl 123 .
D i s l o c a t i o n s  D, E and F
The B u r g e r s  v e c t o r s  of  the second d i s s o c i a t e d  p r o d u c t s  
were not  f ound t o  c o r r e s p o n d  t o  t h a t  o f  the hexagonal  
d i s l o c a t i o n  segment a t t a c h e d  to the l a t t i c e  d i s l o c a t i o n .  The 
p o s s i b l e  e x p l a n a t i o n  i s  t h a t  the d i s s o c i a t i o n  p r o d u c t s  had 
r e a c t e d  w i t h  the o t h e r  a / 6  <112> d i s l o c a t i o n  and formed the  
t h i r d  component o f  the meshes i m m e d i a t e l y  a f t e r  the  
d i ssoc i a t  i o n .
I t  i s  i n t e r e s t i n g  to  n ot e  t h a t  the above d i s s o c i a t i o n  
r e a c t i o n s  a re  not  e n e r g e t i c a l l y  f a v o r a b l e .  A c c o r d i n g  to  the  
b2 r u l e  the p o s s i b l e  e n e r g e t i c a l 1y f a v o r a b l e  r e a c t i o n s  of  
d i s l o c a t i o n  A s h o u l d  be:
a / 2  C 0113 2 » a / 3  C1 11 3 + a / 6  C2113.
a / 2  C0113 *  a / 6  CT213 + a / 6  Cl 123
or a / 2  C0113 *  a / 6  Cl 123 + a / 6  C l 213
i+5
L a t t i c e
D i s l o c a t i o n A B c D E F
\ ^ \ ^ u r g e r s  
\  ^"".■Vector
s \  £ . S ^ \
|  C011] i f . r o u , f c l i o ^ f r o i i i . f tO llfe f r o n t .
111 0 0 1
002 1 1 0
111 1 0 0 . ........-■*-
202 1 0 1
022 0 1 1
002 i 1 i  !
113 i 1 i  !
220 i 1 1 i
022 0 0 0
Table 2 Values  o f  Ig .b l  f o r  l a t t i c e  d i s l o c a t i o n s  and 
r e f l e c t i o n s ' !
However ,  n e i t h e r  o f  the above r e a c t i o n s  were  o b s e r v e d  to  
o c c u r .  I n s t e a d ,  the l a t t i c e  d i s l o c a t i o n  d i s s o c i a t e d  i n t o  a 
d i s l o c a t i o n  w i t h  the same B u r g e rs  vec t o r  o f  the p r e e x i s t i n g  
s ec on da r y  di s i o c a t  i ons.  In  addi  t i o n , the second di ssoc i a t  i on 
p r o d u c t s  o f  a / 6  <112> type di s i o c a t  i ons then r e a c t e d  wi th 
one a n o t h e r  t o  a r r a n g e  t hemse1ves i n t o  a hexagonal  
d i s i o c a t  i on ne t w o r k . These ne t wo rk s  a r e  super  i mposed on the  
i n t r i n s i c  s e c o n da r y  d i s i o c a t  i on a r r a y s  and e f f e c t i v e l y  
r educe  the t o t a l  1ong r ange  s t r a i n  f i e l d s  of  d i s i o c a t  i ons in 
the b ounda r y .
F i g s .  17<e> and < f ) show a n o t h e r  r e g  i on of  the same 
boundary  shown in ( a)  - ( d ) . 11 is  i n t e r e s t i n g  t o  n o t e  t h a t  
most of  the segments of  di s i o c a t  i on s e t  2 were s t e p p e d  over  
t h e i r  l e n g t h  becom i ng p a r a l l e i  t o  the d i s i o c a t  i on s e t  4 .  11 
seems t h a t  the s t r a i n  f  i e 1ds o f  the d i s i o c a t  i on ne two rk s  can 
be f u r t h e r  r e d u c e d .
S i m i 1ar  cases  were a l s o  o b se r v e d  in many o t h e r  
b o u n d a r i e s .  F i g .  18 shows a t wi n  bo undar y  ( C l l l 3 / 6 0  ) ,  w i t h  
the boundary  p 1ane c 1ose t o  ( 1 1 1 ) .  The s m a l 1 t i l t  component  
o f  the boundar y  f rom the ( 1 1 1 )  p 1ane i s  occup i ed by a s i n g l e  
s e t  o f  a / 3  t i l l ]  edge t ype  d i s i o c a t  i ons which  a r e  p a r a l 1e 1 
t o  the [ O i l !  d i r e c t i o n .  W i d e l y  spaced hexagonal  d i s l o c a t i o n s  
were a l s o  o b s er v ed  in the b o u n d a r y . The l i n e  d i r e c  t i ons of  
the hexagons a re  i n d i c a t e d  in F i g .  1 8 ( a ) .  Image c o n t r a s t  
a l s o  shows t h a t  t h e i r  B u r g e r s  vec t o r s  a r e  o f  a / 6  <112>
t y p e .  D i s s o c i a t i o n  r e a c t i o n s  o f  l a t t i c e  d i s l o c a t i o n s  which
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Imp Inged on the g r a i n  bo undar y  were a l s o  f ound a t  r e g i o n s  A 
and B as shown in F i g .  18< b)  and < c ) .  The d i s s o c i a t e d  
produc t s  have al  so d i v i d e d  i n to d i s i o c a t  i on a r r a y s  and 
h e x a g o n s .
F i g .  19 i s  a n e a r - t w i n  bo undar y  < ~ [ 1 0 1 3 / 7 0 . 5 ° )  wi th the  
boundar y  p 1 ane c 1 ose t o  < 1 1 1 ) .  Hexagonal  d i si  o c a t  i on 
n e t w o r k s  were o b se r ve d  in the b o u n d a r y . The mesh s i z e  o f  the  
hexagons i s  smal l  <<30 nm) so t h a t  the d e v i a t i o n  f rom the  
e x a c t  t w i n  or  i en t a t  i on i s  1arge  enough t o  produce Mo i re  
f r i n g e s  in the common d i f f r a c t i o n  c o n d i t i o n  as shown in F i g .
19< c ) .  F i ne  d i si  oc a t  i on l i n e s  p a r a l l e i  t o  the [ 1 013 2 
d i r e c t i o n  were a l s o  o b s e r v e d .  U n f o r t u n a t e 1y the B u rg e rs  
v e c t o r  c o u l d  not  be d e t e r m i n e d  in t h i s  case due to  l i m i t e d  
d a t a . S ince  the a r r a ng em e nt  o f  t he se  di  s i o c a t  i ons i s  s i m i 1ar  
t o  t h a t  shown in F i g .  17 and 18,  the B u r g e r s  v e c t o r s  of  the  
f i n e  l i n e s  i s  p r o b a b l y  the type o f  a / 3  <111> .  I t  i s  no ted  
t h a t  the s p a c i n g  o f  the d i s l o c a t i o n  a r r a y  i s  d e c r e a s i n g  
t owar d the j u n c t i o n  r e g i o n  o f  the b o u n d a r y ,  as shown in F i g .  
19<b)  and <c ) .  Th i s phenomenon shows t h a t  the produc t i on and 
d i s t r  i bu t i on o f  g r a  i n bo unda ry  d i s i o c a t  i ons m i g h t  be 
enhanced and a d j  u s t e d  by atom s h u f f 1 i ng p r o c e s s  in the  
boundar y  < 1 1 5 ) .
3 .  G r a i n  Boundary S t r u c t u r e  o f  N i c k e l  A n n e a l e d  a t  8 0 0 °C
As men t i oned in l a s t  s e c t i o n ,  the m a j o r i t y  o f  the g r a i n
48
b o u n d a r i e s  in n i c k e l  s h e e t  a n n e a l e d  a t  800 °C a r e  a s s o c i a t e d  
w i t h  p e r i o d i c  d i s l o c a t i o n  n e t w o r k s .  Many o f  them a r e  
n e a r - c o  i n c I d e n c e  b o u n d a r i e s  and e s p e c i a l l y  n e a r - t w i n  S3 
b o u n d a r i e s .  The d i s l o c a t i o n  s t r u c t u r e  i s  more p e r i o d i c  and 
i s  i n t r i n s i c .  The - f o l l o w i n g  s e c t i o n s  d e s c r i b e  the s t r u c t u r a l  
• f e a t u r e s .
3 . 1  N e a r -  S3 Boundary
3 . 1 . 1  I n t r i n s i c  D i s l o c a t i o n s
F i g .  20 shows a n e a r - t w i n  boundary  1 1 0 3 / 1 1 0 . 5 ° )  w i t h  
the boundary  p l a n e  ( l l 1 ) x/ ( f l 1>a>• F i g s .  20 ( a ) - ( c ) a r e  a l l  
b r i g h t  - f i e l d  images o b t a i n e d  -from a two beam g= [ 0 0 2 ]
re-f 1 e c t  i on but  wi th si  i g h t l  y di - f - ferent  di - f - f ract  i on
c o n d i t i o n s .  The image c o n t r a s t  o-f t hese  t h r e e  s e t s  o-f 
d i s l o c a t i o n s  i s  v e r y  s e n s i t i v e  to  the o p e r a t i n g  beam 
c o n d i t i o n s .  As the t i l t i n g  s t a g e  i s  - f i n e l y  a d j u s t e d ,  t h e r e b y  
i n c r e a s i n g  the d e v i a t i o n  p a r a m e t e r  and s l i g h t l y  i n c r e a s i n g  
the r e f l e c t i o n  i n t e n s i t i e s  f rom g r a i n  1,  o n l y  d i s l o c a t i o n  
s e t  B i s  v i s i b l e  as shown in F i g .  2 0 ( c ) .  D i s l o c a t i o n  s e t s  A
and C in F i g s .  2 0 ( a )  and ( b )  do not  p e r s i s t  a c r o s s  the whole
boundar y  p r o b a b l y  because o f  bend d i s t o r t i o n  o f  the specimen  
and s l i g h t  change in the d e v i a t i o n  p a r a m e t e r  a c r o s s  the 
boundary  r e g i  o n .
The B u r g e r s  v e c t o r s  of  the t h r e e  p e r f e c t  seco nda ry
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g r a i n  boundary  d i s l o c a t i o n s  which s h ou l d  accommodate the 
smal l  a n g u l a r  d e v i a t i o n  f rom the e x a c t  coi  nc i dence S3 
o r i e n t a t i o n  can be o b t a i n e d  by a g r a p h i c  c o n s t r u c t i o n  of  the  
CSL and DSC l a t t i c e s .  These l a t t i c e s  a r e  shown in F i g .  21 
and the B u r g e r s  v e c t o r s  a r e  as f o l l o w s :
b i =  a / 3  C i l l  3,  /  a / 3  Cl 1 1 32
b2= a / 6 Cl 123,  /  a / 6  C l l 2 3 2
b 3= a / 6  [ 2 1 1 3 ,  /  a / 6  C211 3a
where a is  the l a t t i c e  p a r a m e t e r ,  and the s u b s c r i p t  a f t e r  
the d i rec  t i on i n d i c e s  i n d i c a t e s  the g r a  i n o f  r e f e r e n c e .
Usi ng the above p r e d i c t e d  v a l u e s  of  the B u r g e rs  v e c t o r s  
as a g u i d e l i n e  and the g . b  c r i t e r i o n ,  the B u r g e r s  v e c t o r s  of  
the t h r e e  s e t s  o f  i n t r i n s i c  d i s l o c a t i o n s  ar e  d e t e r m i n e d  and 
ar e  l i s t e d  in T a b l e  3 .  The l i n e  d i r e c t i o n s  of  t hese  t h r e e  
s e t s  of  d i s l o c a t i o n s  a r e  a l s o  g i ve n  in the T a b l e .
3 . 1 . 2  D i s l o c a t i o n  R e a c t i o n s
L a t t i c e  d i s l o c a t i o n s  D, E,  F,  and 6 have a l s o  been 
a n a l y z e d .  DI s i o c a t  i on D i s  a l o n g  the d i r ec  t i on c o n s i s t e n t  
w i t h  the i n t e r s e c t i o n  o f  s l i p  p l a n e s  o f  the c r y s t a l  w i t h  the 
g r a i n  boundary  p l a n e .  D i s l o c a t i o n  E, however ,  l i e s  in a 
d i r e c t i o n  t h a t  i s  not  d e t e r m i n e d  by an i n t e r s e c t i n g  s l i p  
p l a n e .  C a r e f u l  e x a m i n a t i o n  o f  the m i c r o g r a p h s  < F i g .  20)  
shows t h a t  d i s l o c a t i o n s  D and E a re  s t e p p e d  over  much of
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D i s l o c a t i o n B u rg e rs  V e c to r s  i n  C r y s t a l  1 /2 L in e  D i r e c t i o n
Se t  A a / 3  T i n ;  J /  a / 3  m u  2 C H O ^ / u i o i o
£ a / 6 [2111 x /  a /6  T211] 12113 1/ C 2 1 1 ]  2
n a / 6 d l 2 3 1 /  a /6  n i 2 l  2 n o i ^ / r i o u  9
F a./2 C101J2
r< a /2  CIO 13 ±
T a b le  3 b u r g e r s  v e c t o r s  and l i n e  d i r e c t i o n s  o f  th e  
g r a in  b o u n d a ry  d i s l o c a t i o n s  i n  F ig .  2 0 .
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t h * I r  l e n g t h .  I n t e r a c t i o n s  between d i s l o c a t i o n s  D, E,  and 
the i n t r i n s i c  d i s l o c a t i o n  n e t w o r k s  may have r e s u l t e d  in t h i s  
s t e p p e d  a p p e a r a n c e . T h e r e  i s  a l s o  i n t e r a c  t i on between  
d i si  o c a t  i ons D and E a t  t h e i r  p o i n t  o-f i n t e r a c  t i on . The 
d i s l o c a t i o n s  have comb i ned a shor  t l e n g t h  t o  -form a t h i r d  
d i si  oc a t  i on which i s  p a r a l l e l  t o  the d i r e c t i o n  o-f i n t r i n s i c  
d i s l o c a t i o n  s e t  B . S in ce  the image c o n t r a s t  o-f d i s l o c a t i o n s  
D and E i s  weak in most o-f the m i c r o g r a p h s ,  the B u r g e r s  
v e c t o r s  o-f the r e a c t  i on p r o d u c t s  can not  be d e t e r mi  ned wi th 
con-f i dence . However , the 1 ow v i s i b i l i t y  and the z i g - z a g  
con-f i g u r a t  i on o-f t hese di si  o ca t  i ons can suppor  t one o-f the  
d i si  o c a t  i on r ea c  t i on mechan i sms pr ev  i ousl  y s u g g e s t e d  -for 
g r a i n  b o u n d a r i e s ;  t h a t  i s ,  l a t t i c e  d i s i o c a t  i ons can r e ac  t 
w i t h  i n t r i n s i c  d i s i o c a t  i on ne twork  s t r u c t u r e s  by 
a nn I h  i 1 a t  i on and r e a r r a ng em en  t t h e r e b y  reduc  i ng 1o n g - r a n g e  
e 1 a s t  i c s t r a i n  - f i e l d s  < 6 3 ) .
D i s s o c i a t i o n  r e a c  t  i on o-f di si  oc a t  i on F in c r y s t a l  2 and 
d i s l o c a t i o n  6 in c r y s t a l  1 have been a n a l y z e d  t o  be:
F: a / 2  C1 0 1 ] 2 --------> a / 6  Cl 123 + a / 6  C2113
G: a / 2  CTO 1 3 1 --------> a / 6  C1123 + a / 6  C211]
In  each case the p r e d i  c t  i ons a r e  consi  s t e n t  wi th the
c o n t r a s t  a n a l y s i s  and l a t t i c e  d i s l o c a t i o n s  have d i s s o c i a t e d  
i n t o  DSC d i s l o c a t i o n s .
F i g .  22 shows a n o t h e r  n e a r - t w i n  boundar y  <~ C1 1 1 3 / 6 0 ° ) .  
T h r e e  s e t s  o-f i n t r i n s i c  d i s l o c a t i o n  n e t w o r k s  were c l e a r l y  
o b s e r v e d  In F i g .  22< a)  and < b ) . L a t t i c e  d i s i o c a t  i ons A,  B,
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C, D, and E were ■found t o  d i s s o c i a t e  i n t o  one o f  the f i n e  
I n t r i n s i c  d i s l o c a t i o n  n e t w o r k s  and w i d e l y  spaced d i s l o c a t i o n  
a r r a y s  shown in F i g s .  2 2 ( a )  and < c ) .  U n f o r t u n a t e l y  the  
B u r g e r s  v e c t o r s  of  t he se  di s i o c a t  i ons c o u 1d not  be 
i d e n t i f i e d .  The image c o n t r a s t  o f  t hese  w i d e l y  spaced  
d i s l o c a t i o n  a r r a y s  a r e  r e l a t i v e l y  weak compared t o  t h a t  of  
the i n t r i n s i c  d i s l o c a t i o n s  under  any two-beam imaging  
c o n d i t i o n .  F i g .  2 2 ( c )  was imaged under  a many-beam c o n d i t i o n  
in which the image c o n t r a s t s  o f  the i n t r i n s i c  d i s l o c a t i o n s  
were weak.  From t h i s  m i c r o g r a p h ,  i t  can be seen t h a t  some of  
the w i d e l y  spaced d i s l o c a t i o n s  a r e  one o f  the d i s s o c i a t i o n  
p r o d u c t s  of  l a t t i c e  d i s l o c a t i o n s  A and B. These d i s l o c a t i o n s  
a l s o  have i n t e r a c t e d  w i t h  the i n t r i n s i c  d i s l o c a t i o n s  by 
r e a r r a n g i n g  t h e i r  l i n e  d i r e c t i o n s  p a r a l l e l  t o  the i n t r i n s i c  
d i s l o c a t i o n s .  In t h i s  wa y ,  the  l o n g  range s t r a i n  f i e l d  can 
be r e d uc e d  and the image c o n t r a s t  becomes b roa d and f a i n t .
3 . 2  Near  2 3  B o u n d a r i e s  W i t h  T w i s t  M i s o r i e n t a t i o n
3 . 2 . 1  I n t r i n s i c  D i s l o c a t i o n s
F i g s .  2 3 - 2 6  a re  TEM m i c r o g r a p h s  o f  f o u r  n e a r - t w i n  23  
b o u n d a r i e s .  The c r y s t a l 1o g r a p h i c  f e a t u r e s  o f  t hese  
b o u n d a r i e s  a r e  shown in T a b l e  4 .  Hexagonal  d i s l o c a t i o n  
n e t w o r k s  were o b se r v e d  t o  accommodate a smal l  t w i s t  
d e v i a t i o n  f rom the c o i n c i d e n c e  o r i e n t a t i o n .  The p o s s i b l e
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Table  k G ra in  boundary f e a t u r e s  shown in  F i g s .  23-26.
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B u r g e r s  v e c t o r s  o-f t hese  d i s l o c a t i o n  se gments ,  a c c o r d i n g  to  
the DSC model , a r e  shown in the - f i g u r e .  The l i n e  d i r e c t i o n s  
o-f some d i s l o c a t i o n  segment s,  as d e t e r m i n e d  by t r a c e  
a n a l y s i s ,  i n d i c a t e  t h a t  t he y  a r e  away f rom <112 > d i r e c  t  i ons 
by about  1 5 - 2 0 °  which i s  g r e a t e r  than the e xp er  imen t a l  
e r r o r . Consequen11y the d e v i a t i o n  must be r e a l  and is  
p r o b a b l y  due to the change of  1ocal  m i sor  i en t a t  i on in the  
boundary  p 1a n e .
The g . b  c o n t r a s t  c r i t e r i o n  was d i f f i c u l t  to  a p p l y  in
t hese  boundar  i e s . For e xa mpl e ,  the common r e f l e c t i o n s  such
as C 220]  or [ 3 1 1 3 ,  which ar e  u s e f u l  t o  i den t i f y  the B u r g e r s
v e c t o r s  in c o h e r e n t  t wi n  b o u n d a r i e s ,  c o u l d  not  be a p p l i e d  in
t hese  c a s e s . Because of  the s p 1 i t o f  the common r e f  1 ec t i o n s ,
the TEM two-beam images were a l w a y s  c o m p l i c a t e d  by the
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pr es en c e  of  M o i r e  f r i n g e s  as shown in F i g .  2 4<b> .
A n o t h e r  i n t e r e s t i n g  f e a t u r e  o b se r v e d  in t hese  
b o u n d a r i e s  is  t h a t  under  c e r t a i n  d i f f r a c t i o n  c o n d i t i o n s ,  
o n l y  one s e t  of  f r i n g e s ,  p a r a l l e l  t o  <110> d i r e c t i o n s ,  were  
o b s e r v e d . For e x am p l e ,  the hexagonal  c o n f  i g u r a t  i on is  
c l e a r l y  r e v e a l e d  in F i g .  2 3 ( a ) , w h e re a s  the C0T13 l i n e s  were  
in s t r o n g  con t r a s t  in F i g .  23< b ) . The f r  i nge spac i ng and 
d i r e c t i o n  were i n de pe nde nt  o f  the o p e r a t i n g  r e f l e c t i o n s  
c l e a r l y  s u g g e s t i n g  t h a t  t he y  a r e  not  M o i r e  f r i n g e s .  The  
hexagons were a l s o  o b s er v ed  in F i g .  24< a)  , w h i l s t  the  
f r i n g e s  in [ i T O 3 d i r e c t i o n  were in s t r o n g  c o n t r a s t  in F i g .  
24<b)  and <c ) .  I t  was n o t e d  t h a t  the image c o n t r a s t  of  the
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he xa gon*  were v e r y  weak or even i n v i s i b l e  due t o  the  
pr es ence  o-f the f r i n g e s ,  a l t h o u g h  t h e y  s h o u l d  g i v e  c o n t r a s t
by the g^.b c r i t e r i o n .  A ga in  the - f r in ge  s p a c i n g  and d i r ec  t i on
d i d  not  change w i t h  the d i f f r a c t i o n  vec t o r  i m p l y i n g  t h a t  
t h e y  a r e  not  M o i r e  f r i n g e s .  F i g .  25 <a )  shows a n o t h e r  
hexagonal  d i s l o c a t i o n  n e t w o r k s  in a near  S3 b o un d a r y .  In  F i g .  
25< b)  and < c > , on 1y [ 1 0 1 ]  l i n e s  were o b se r v e d  wi th the
d i f f r a c t i o n  v e c t o r s  g= C111]  and [ 1 1 1 ]  .
From the above o b s e r v a t  i o n , i t  can be seen t h a t  the  
v i s i b i l i t y  o f  the hexagonal  d i s l o c a t i o n  n e t w o r k s  o f  6 / a  
<112> does not  f o l l o w  the g . b  c r i t e r i o n  when the d i s l o c a t i o n  
s p a c i n g  i s  s m a l l e r  than ~ 15 nm. In a d d i t i o n ,  the <110> 
f r i n g e s  were a l w a y s  o b se r ve d  in the b o u n d a r i e s  w i t h  c l o s e l y  
spaced hexagonal  d i s l o c a t i o n  n e t w o r k s .  The f r i n g e  f e a t u r e s  
c o u l d  not  be i n t e r p r e t e d  as M o i r e  f r i n g e s  which were caused  
by the i n t e r f e r e n c e  o f  two r e f l e c t i o n s  f rom two c r y s t a l s .
The hexagonal  d i s i o c a t  i ons shown in F i g .  23 a r e  not  
e q u a l l y  s pa c ed .  The n e t w o r k s  were p r o b a b l y  f ormed by the  
r u n - i  n l a t t i c e  d i s i o c a t  i on r e a c  t i ons o c c u r r  i ng dur i ng 
a n n e a l i n g .  However ,  u n l i k e  the hexagonal  d i s l o c a t i o n s  
o b se r ve d  in F i g .  14 or  1 5 ,  the c 1o s e 1y spaced d i s i o c a t  i ons 
have caused an o b s e r v a b l e  m i s o r i e n t a t i o n  f rom the e x a c t  twin  
o r i e n t a t i o n .  T h i s  i s  e v i d e n c e d  by the pr es en ce  o f  M o i r e  
f r i n g e s  a t  common r e f l e c t i o n s .
3 . 2 . 2  E x t r i n s i c  D i s l o c a t i o n s
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In F i g .  2 3 ,  one s e t  o f  l i n e  d e f e c t s  a c r o s s  the  
b o un d a r y ,  in a d d i t i o n  t o  the hexagonal  d i s l o c a t i o n s ,  Mas 
a l s o  o b s e r v e d . The l i n e s  were i n v i s i b l e  a t  g= C111]  and C1133 
I n d i c a t i n g  t h a t  t he y  are  d i s i o c a t  i ons w i t h  [ 1 1 0 ]  type  
B u r g e r s  v e c t o r s .  In  a d d i t i o n ,  the l i n e  d i r e c t i o n s  o f  t hese  
d i s l o c a t i o n s  a r e  n e a r l y  p a r a l l e l  t o  E1 0 1 ]  i m p l y i n g  t h a t  t h e y  
a r e  r u n - i n  s l i p  d i s l o c a t i o n s .
D i ssoc i a t  i on of  t hese  d i s i o c a t  i ons i n t o  the hexagonal  
d i s l o c a t i o n  segments was not  o b s e r v e d .  S i nce  the B u r g e rs  
vec t o r s  of  t hese  d i s i o c a t  i ons does not  1 i e in the boundary  
p 1a n e , the movement o f  di s i o c a t  i ons can on 1y pr oc e ed  by 
c l i m b ,  which i s  a r a t e  1 i m i t i n g  p r o c e s s . A f t e r  anneal  i ng a t  
800 °C f o r  1 h o u r , t he y  m i g h t  r e t a i n  t h e i r  i den t i t y . Howe v er , 
f rom the f a i n t  i mage o f  t hese  d i s i o c a t  i ons i t  seems t h a t  the  
d i s l o c a t i o n s  have d e c r e a s e d  t h e i r  l o ng  range s t r a i n  f i e l d s .
3 . 3  Sma l1 Twin Boundar i es
F i g s .  27 and 28 show the smal l  t wi n  b o u n d a r i e s  o b se r ve d  
in the spec ime n.  These b o u n d a r i e s  were p r o b a b l y  f or med by a 
n u c 1 e a t  i on p r o c e s s  dur i ng anneal  i n g . Due t o  the s m a l 1 s i z e  
o f  the g r a i n s ,  the m i sor  i en t a t  i on be tween two g r a  i ns c o u 1d 
not  be de termi  ned unambi g u o u s l y . Per  i odi c di s i o c a t  i on 
n e t w o r k s  and f a c e t s  were ob se r ve d  in each b o un d a r y .  T h i s  is  
c o n s i s t e n t  w i t h  the a n n e a l i n g  t wi n  t h e o r y  t h a t  the t wi n
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n u c l e i  must be h i g h l y  m o b i l e ,  t h e r e f o r e ,  the boundar y  is  
e i t h e r  i n c o h e r e n t  or  n e a r - t w i n  by the accommodat ion o f  g r a i n  
boundary  d i s l o c a t i o n s .  The long l i n e s  of  d i s l o c a t i o n s  in the  
g r a i n ®  were p r o b a b l y  i n t r o d u c e d  d u r i n g  sample p r e p a r a t i o n .
3 . 4  Near  Z29 Boundary
3 . 4 . 1  I n t r i n s i c  D i s l o c a t i o n s
F i g .  29 shows TEM m i c r o g r a p h s  o f  a near  Z2? boundary  
taken under  d i f f e r e n t  imaging  c o n d i t i o n s .  The d i f f r a c t i o n  
p a t t e r n s  o f  two c r y s t a l s  a t  the same t i l t i n g  a n g l e  a r e  shown 
in F i g .  3 0 ,  f rom which the m i sor  i en t a t  i on o f  two g r a  i ns was 
d e t e r m i n e d  t o  be [ I  5 . 2 3 2 0 1  4 . 1 1 3 5 3 3 / 1 1 6 . 9 °  by u s i n g  the  
m a t r i x  method.  The d e v i a t i o n  f rom the e x a c t  Z29  boundary  
< Cl 54 3 / 1 16 .6 2° )  i s  about  0 . 3 °  f r om C1013.  the boundary  p l a n e  
d e t e r m i n e d  f rom t r a c e  a n a l y s i s  i s  c l o s e  t o  <"122) as shown in 
F i g .  31 .
T h r e e  s e t s  o f  d i s l o c a t i o n s  1,  2 ,  and 3 were o b s e r v e d  in 
F i g .  29 w i t h  s p a c i n g s  o f  about  10 nm. S i nce  the v i s i b i l i t y  
of  t hese  i n t r i n s i c  d i s l o c a t i o n s  i s  v e r y  s e n s i t i v e  t o  the  
imaging c o n d i t i o n ,  the B u r g e r s  v e c t o r s  o f  the d i s l o c a t i o n  
n e t w o r k s  were d i f f i c u l t  t o  d e t e r m i n e  f rom the image c o n t r a s t  
a n a l y s i  s a l o n e .
From F r a n k / s t h e o r y ,  which i s  e q u i v a l e n t  t o  0 - l a t t i c e  
method,  the l i n e  d i r e c t i o n s  o f  t h r e e  s e t s  of  d i s l o c a t i o n s  
h a v i n g  n o n c o p l a n a r  B u r g e r s  v e c t o r s  b ,< i = 1 , 2 , 3 )  in a high
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a n g l e  g r a i n  boundar y  < g r a i n  boundary  normal  n ,  and 
m I s o r I e n t a t i o n  a x i s  a )  can be c a l c u l a t e d  ae <133)  
t i  = a x < b2 x b3 ) x n e t c .
11 was -found t h a t  the c a l c u l a t e d  l i n e  d i r e c  t i ons < t , )
o-f t h r e e  s e t s  o-f d i s l o c a t i o n s  w i t h  B u r g e r s  v e c t o r s  as 
bi -  a / 5 8  C3 4 23
b 2 = a / 5 8  12 7 H i  and
b3 = a / 5 8  CIO 6 3]  
can b es t  f i t  the measured r e s u l t s  as shown in F i g .  3 2 .  The 
c a l c u l a t e d  d i s l o c a t i o n  d i r e c t i o n s  of  d i s l o c a t i o n  s e t s  1,  2 ,  
and 3 a r e
t» = C 4 273 2]
t a  = C2 1 OJ
t 3  =  CO 1 I ]
S i n ce  the s p a c i n g  between d i s l o c a t i o n  s e t  1 is  
comparable  t o  t h a t  of  d i s l o c a t i o n  s e t s  2 and 3 and the  
p r i m i t i v e  B u r g e r s  v e c t o r  of  d i s l o c a t i o n  s e t  1 is  
c o n s i d e r a b l y  s m a l l e r  than t h a t  o f  the d i s l o c a t i o n  s e t s  2 and
3 ,  i t  i s  v e r y  l i k e l y  t h a t  the d i s l o c a t i o n  s e t  1 o b se r ve d  in
the m i c r o g r a p h  i s  a m u l t i p l e  of  the p r i m i t i v e  DSC v e c t o r .
The n o n - p r i m i t i v e  DSC d i s l o c a t i o n s  have been o b se r ve d  in 
o t h e r  b o u n d a r i e s  ( 5 9 , 6 0 ) .
3 . 4 . 2  E x t r i n s i c  D i s l o c a t i o n s
T hr ee  l a t t i c e  d i s l o c a t i o n s  A,  B, and C in g r a i n  1,
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which impinged upon the g r a i n  b o u nd ar y ,  have been a n a l y z e d .  
S i x  r e f l e c t i o n s ,  C l T l ]  , [0223  , t i l l ]  , [2003  , [2023  and 
[ 1 1 3 3 ,  a t  two-beam condi  t i ons were imaged.  Di s i o c a t  i ons A,
6 , and C were on 1y i n v i s i b l e  a t  g,  = [ 111 3 impl y i  ng the  
B u r g e r s  v e c t o r  t o  be a / 2  [ 1 1 0  3 . E x t r a  l i n e s  of  d i s l o c a t i o n s  
2 and 3 c o n n e c t e d  t o  l a t t i c e  d i s l o c a t i o n s  A,  B, and C were  
o b s e r v e d .  The b a l a n c e d  d i s s o c i a t i o n  r e a c t i o n s  a r e  e x p e c t e d  
t o  be
a / 2  [ 1 103 ---------- > 7 bi  + b2 -  b 3
A l t h ou g h the d i s s o c i a t i o n  p r o d u c t s  o f  d i s l o c a t i o n  1 c o u l d  
not  be r e s o l v e d  f r om m i c r o g r a p h s ,  the above r e a c t i o n  i s  
c o n s i s t e n t  w i t h  the r e s u l t s  d e t e r m i n e d  f rom the l i n e  
d i r e c t i o n s  of  d i s l o c a t i o n s .
L a t t i c e  d i s l o c a t i o n  D i s  in g r a i n  2 and i t  d i s s o c i a t e d  
i n t o  d i s l o c a t i o n s  2 and 3 .  S ince  o n l y  two r e f l e c t i o n s  f rom  
g r a i  n 2 were i maged in m i c r o g r a p h s ,  the B u r g e r s  vec t o r  of  
d i s l o c a t i o n  D c o u l d  not  be a s s i g n e d  w i t h  c o n f i d e n c e .  The 
p e r t u r b a t  i on ar ound the a r e a  of  di  ssoc i a t e d  di s i o c a t  i ons B 
and D can be ob se r ve d  due t o  the absence o f  the segment of  
d i s l o c a t i o n  2 in between the d i s l o c a t i o n s  B and D as  
s k e t c h e d  in F i g .  2?<d>.
M i c r o f a c e t i n g  of  the boundary  p l a n e  n e a r l y  p a r a l l e l  to  
the l i n e  d i r e c t i o n  o f  s e t  1 was o b s e r v e d .  The f a c e t  w i d t h  is  
v e r y  smal l  and h a r d  to d e t e c t  in many m i c r o g r a p h s .  From 
t r a c e  a n a l y s i s ,  the o r i e n t a t i o n  of  the m i c r o f a c e t s  i s  
p r o b a b l y  < 2 3 4 ) .  T h i s  i s  the c o i n c i d e n c e  p l a n e  of  a 212?
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b o u n d a r y .
A l t h o u g h  the B u r g e r s  v e c t o r s  of  the g r a i n  boundary  
d i s l o c a t i o n s  in t h i s  boundary  were m a i n l y  d e t e r m i n e d  -from 
the l i n e  d i r e c t i o n s  o f  the d i s l o c a t i o n s ,  which i n v o l v e  some 
a p p r o x i m a t i o n s ,  the o b s e r v a t i o n  shows e v i d e n c e  t h a t  the  
d i s l o c a t i o n  model i s  a p p l i c a b l e  to  h i gh  I  n e a r - c o i n c i d e n c e  
b o u n d a r y .
3 . 5  Genera l  Boundary
F i g .  33 i s  a boundary  w i t h  the m i s o r i e n t a t i o n  
[ 1 1 0 3 / 2 4 . 5 ° ,  which i s  about  2°  away f rom the c o i n c i d e n c e  Z l ?  
b o un d a r y .  No d i s l o c a t i o n  n e t w o r k s  c o u l d  be r e s o l v e d  in t h i s  
b o u nd ar y .  In each case the i m p i n g i n g  l a t t t i c e  d i s l o c a t i o n  
d i s a p p e a r e d  a t  the p o i n t  of  i n t e r s e c t i o n ,  and no e v i d e n c e  
was f ound f o r  the pr es en ce  o f  g r a i n  boundary  d i s l o c a t i o n s  
f ormed by d i s s o c i a t i o n  in the b o u nd ar y .  T h i s  i s  p r o b a b l y  due 
t o  the smal l  s p a c i n g  ( s m a l l e r  than 4 . 0  nm) o f  the  
d i s l o c a t i o n s  and t he y  c o u l d  not  be d e t e c t e d  by the  p r e s e n t  
me t h o d .
4 .  G r a i n  Boundary S r u c t u r e  o f  Ni A n n e a l e d  a t  1 0 0 0 eC
The o p t i c a l  m i c r o g r a p h  of  N i ,  a f t e r  a n n e a l i n g  f o r  1 
hour a t  1 0 00 ° C ,  is  shown in F i g .  3 4 .  The a v er a ge  g r a i n  s i z e  
i s  about  73 jum which i s  s i gn i f  i can 11 y l a r g e r  than t h a t  of
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t h t  spec I men a n n e a l e d  a t  800 ° C . The g r a i n  growth phenomenon 
i s  o p e r a t i n g  a t  t h i s  t e m p e r a t u r e .  I t  i s  n o t e d  t h a t  the  
boundary  p l a n e s  a r e  c o n s i d e r a b l y  s t r a i g h t e n e d  but  - faceted  
al ong c e r t a i n  c r y s t a l  1 ograph i c p 1a n e s . 11 a l s o  shows t h a t  
each g r a i n  may be t w i n n e d  s e v e r a l  t i m e s .  The o ve rwhe lm in g  
maj or i t y  o f  the g r a  i n boundar  i es a r e  t wi n  boundar  i e s .
TEM o b s e r v a t  i ons show t h a t  most g r a i  n s t r u c t u r e s  are  
w e l l  a n n n e a l e d  and o n l y  a few d i s l o c a t i o n s  a re  o b s e r v a b l e  in 
the m a t r i x  and g r a  i n boundar  i e s . Many t wi n  boundar  i es were  
o b se r ve d  t o  f a c e t  in < 112> d i r e c t i o n s .  F i g .  35 shows an 
a n n e a l i n g  t wi n  b o u n d a r y . The c o h e r e n t  ( 1 1 1 )  boundary  p 1ane 
i s  f a c e  t e d  by segmen t o f  <112)  p 1 a n e . In  F i g .  3 5 ( a ) ,  g r a i n  2 
has been o r i e n t e d  i n t o  a two-beam d i f f r a c t i o n  c o n d i t i o n  
u s i n g  r e c i p r o c a l  l a t t i c e  v e c t o r  g2= l 11,  which i s  not  common 
t o  both g r a  i n s . S i nce  g r a  i n 1 i s  d i f f r a c t i n g  on 1y 
n e g l i g i b l y ,  t h i c k n e s s  f r i n g e s  a r e  o b s er v ed  on the  boundary  
p l a n e  r u n n i n g  p a r a l l e l  t o  the boundary  s u r f a c e  i n t e r s e c t i o n .  
F i g .  3 5 ( b )  shows the same boundary  u s i n g  a common r e c i p r o c a l  
l a t t i c e  vec t o r , g=C 2 0 2 3 .  Not  i ce t h a t  both g r a i  ns appear  the  
same i n t e n s  i t y  b a c k g r o u n d . The s t a c k  i n g - f a u  1 t l i k e  f r i n g e s  
a r e  o b se r v e d  a t  ( 1 1 2 )  p l a n e s  w h i l e  ( l i t )  i s  ou t  o f  c o n t r a s t .  
T h i s  i m p l i e s  t h a t  the r i g i d  body d i s p l a c e m e n t s  have o c c u r r e d  
in the ( 1 1 2 )  p i a n e  a l t h o u g h  i t  i s  a co i nc i dence p 1ane in a 
t wi n  b o un d a r y .  Two d i s l o c a t i o n s  A and B e x i s t  a t  the 
i n t e r s e c t i o n s  of  segments  < 11 T) and ( 1 1 2 ) .  Pond and V i t e k  
( 3 ? )  have f oun d t h a t  p a r t i a l  g r a i n  boundary  d i s l o c a t i o n
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e x i s t s ,  a t  the i n t e r s e c t i o n  o f  two f a c e t s  w i t h  d i f f e r e n t  
amount o f  d i s p l a c e m e n t s .  In  the p r e s e n t  c a s e ,  the atoms in 
boundar y  p l a n e  <111)  a r e  a t  e x a c t  c o i n c i d e n c e  p o s i t i o n s ,  
w h i l e  atoms in ( 1 1 2 )  show r i g i d  body d i s p l a c e m e n t .  
D i s l o c a t i o n s  A and B , t h e r e f o r e ,  s h o u l d  be p a r t i a l  g r a i n  
boundar y  d i s l o c a t i o n s  which accommodate the atom 
d i s p l a c e m e n t  in ( 1 1 2 ) .  The B u r g e r s  v e c t o r  o f  p a r t i a l  g r a i n  
boundary  d i s l o c a t i o n  i s  u s u a l l y  v e r y  s m a l l ,  f o r  e xa mpl e ,  a / 9  
C111]  was f ound in a t wi n  boundary  in Al < 3 9 > . I t  can be 
d e r i v e d  f rom the amount o f  r i g i d  body d i s p l a c e m e n t .  The 
amount of  d i s p l a c e m e n t  can be deduced f rom the i n t e n s i t y  
measurement  of  d i s p l a c e m e n t  f r i n g e s  in c o n j u n c t i o n  w i t h  
computer  s i m u l a t e d  p r o f i l e s .  No a t t e m p t  has been made in 
t h i s  i n v e s t i g a t i o n  to d e t e r m i n e  the amount o f  d i s p l a c e m e n t .  
However ,  the d i s p l a c e m e n t  f r i n g e  t e c h n i q u e  has been used to  
d e t e r m i n e  which boundar y  p l a n e  shows r i g i d  body 
di s p 1acemen t .
F i g .  36 i s  a f a c e t e d  t wi n  b o u nd ar y .  The d i f f r a c t i o n  
p a t t e r n  o f  t h i s  boundar y  c l e a r l y  shows the t w i n n i n g .  The 
beam d i r e c t i o n s  o f  g r a i n s  1 and 2 a r e  [ 1 1 0 ]  t and C0 1 1 ] 2 . 
Boundary p l a n e  A a t  t h i s  beam d i r e c t i o n  a p p e a r s  as a s i n g l e  
l i n e .  T h i s  i n d i c a t e s  t h a t  boundar y  p l a n e  A is  p a r a l l e l  to  
the beam d i r e c t i o n .  In a d d i t i o n ,  the common d i f f r a c t i o n  
v e c t o r ,  [ 1 1 1 ] ,  of  both g r a i n s  is  p e r p e n d i c u l a r  to the  
boundar y  p l a n e  a f t e r  r o t a t i o n  c a l i b r a t i o n .  T h e r e f o r e ,  
b oundar y  p l a n e  A can be e a s i l y  and unambi guo us ly  i d e n t i f i e d
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as ( IT 1) t / <  111 >s=. From t r a c e  a n a l y s i s ,  the o r i e n t a t i o n s  of  
boundary  p l a n e s  B and C a r e  d e t e r m i n e d  t o  be <331)  i / ( 133)  2 
and ( l l 3 )  t / ( 3 l l  )s>. These p l a n e s  a r e  c o i n c i d e n c e  p l a n e s  in 
t w i n  b o u n d a r y .  F i g .  3 6 ( b )  c l e a r l y  shows t h a t  d i s l o c a t i o n s  
ar e  l y i n g  a t  the i n t e r s e c t i o n s  of  f a c e t s .
F i g .  37 shows a n o t h e r  f a c e t e d  t wi n boundar y  < C111 1 / 6 0  
) .  Boundary p l a n e  A i s  < 111 ) M/ (  111 >-r which i s  c o m p l e t e l y  
c o h e r e n t ,  and no f r i n g e s  appear  a t  any two beam common 
d i f f r a c t i o n  imaging c o n d i t i o n  as shown in F i g s .  3 7 ( b )  and 
( c ) .  The o r i e n t a t i o n  o f  boundary  p l a n e s  1 - 1 4  have d e t e r m i n e d  
to  be :
p i a n e s  1,  12 ( 1 2 1 ) „ / ( 2 i l > x
2 , 4 , 7 , 1 1 , 1 3  ( S l l ) M/ ( I l 1 ) t
3 , 5 , 8 , 1 4  ( 1 1 1 ) M/ ( 5 T l >t
6 (1 l l  ) M/ (  1 l l ) - r
?  ( 2 1 2 > m / ( I 0 0 ) t
10 ( 3 1 l ) m/ ( 3 1 1 ) T
S e v e r a l  m i c r o f a c e t s  between f a c e t s  5 and 6 ,  and one 
f a c e t  between f a c e t s  11 and 12 were o b s e r v e d .  Because o f  the  
smal l  s i z e s  of  t hese  m i c r o f a c e t s  t h e i r  o r i e n t a t i o n s  c o u l d  
not  be i d e n t i f i e d .  Each f a c e t  in p l a n e s  1 - 1 4 ,  e x c e p t  f a c e t  6 
which is  ( 1 1 1 ) ,  e x h i b i t s  s t a c k i n g - f a u 1t l i k e  f r i n g e s  in 
F i g s .  3 7 ( b )  and ( c ) .  The image c o n t r a s t  o f  the d i s l o c a t i o n  
a t  the i n t e r s e c t i o n  of  boundary  p l a n e s  A and 1 i s  s t r o n g .
A l l  the image c o n t r a s t  o f  the o t h e r  i n t e r s e c t i o n  l i n e s  is  
v e r y  weak t o  be d i s c e r n i b l e .
6k
Few b o u n d a r i e s  were -found to have d i s l o c a t i o n  s t r u c t u r e  
a t  t h i s  a n n e a l i n g  t e m p e r a t u r e .  F i g .  38 i s  an example which  
shows a - f aceted twi n boundary  and the - facet  o r i e n t a t i o n .  
P e r i o d i c  d i s l o c a t i o n  a r r a y s  can be -found in boundary  p l a n e  
< 5 7 4 ) .  T h i s  boundary  p l a n e  i s  a p p a r e n t l y  d e v i a t e d  -from the  
c o i n c i d e n c e  p l a n e  <111)  by the accommodat ion of  DSC 
s e c o n d a r y  d i s l o c a t i o n s .
From the o b s e r v a t i o n s ,  i t  was f ound t h a t  most boundary  
p l a n e s  o b se r v e d  in t wi n  b o u n d a r i e s  c o r r e s p o n d  to <1 11}  and 
f o l l o w e d  by ( 1 1 2 )  and C 1 1 3 ) .  In a d d i t i o n ,  as shown in F i g s .  
37 and 3 8 ,  the low d e n s i t y  c o i n c i d e n c e  p l a n e s  such as < 1 1 5 ) ,  
< 2 1 2 ) ,  and <133)  were a l s o  o b s e r v e d .  A l l  the C111> 
b o u n d a r i e s  o b se r v e d  in t h i s  s t u d y  ar e  c o h e r e n t .  However ,  
d i s p l a c e m e n t s  in the o t h e r  boundary p l a n e s  such as <112>,  
< 1 2 2 > . . . .  e t c . ,  were a l w a y s  o b s e r v e d .
C h a p te r  V Di scuss i  on
1.  Hexagonal  D i s l o c a t i o n  N e t w o r k s  in Twin B o u n d a r i e s
A n n e a l e d  a t  800°C
From the o b s e r v a t i o n  and a n a l y s i s ,  i t  was -found t h a t  
the d i s l o c a t i o n  d i s t r i b u t i o n  in twi n b o u n d a r i e s  i s  v e r y  
i r r e g u l a r  in the s l i g h t l y  a n n e a l e d  c o n d i t i o n  ( F i g .  8 ) .  
However ,  a f t e r  a n n e a l i n g  a t  8 0 0 ° C ,  the d i s l o c a t i o n s  in twin  
b o u n d a r i e s  t end t o  a r r a n g e  t h e m s e l v e s  i n t o  a p e r i o d i c  
c o n f i g u r a t i o n ,  many o f  them in a hexagonal  c o n f i g u r a t i o n  
( F i g .  1 7 ) .
A p p a r e n t l y ,  the g r a i n  b o u n d a r i e s  a c t  as s i n k s  f o r  
l a t t i c e  d i s l o c a t i o n s  in the a n n e a l i n g  p r o c e s s .  For t w i n  or  
n e a r - t w i n  b o u n d a r i e s ,  l a t t i c e  d i s l o c a t i o n s  were o f t e n  found  
t o  d i s s o c i a t e  i n t o  DSC s ec on da r y  d i s l o c a t i o n s  r e g a r d l e s s  of  
w h e t h e r  the boundary  c o n t a i n s  p r e e x i s t i n g  s e co nda ry  
d i s l o c a t i o n s .  The d i s s o c i a t e d  d i s l o c a t i o n s  tend t o  i n t e r a c t  
w i t h  the p r e e x i s t i n g  d i s l o c a t i o n  n e t w o r k s  t h e r e b y  l o w e r i n g  
t h e i r  long range s t r a i n  f i e l d s .  Depending on the o r i e n t a t i o n  
o f  the boundar y  p l a n e  and the B u r g e rs  v e c t o r s  o f  the r u n - i n  
l a t t i c e  d i s l o c a t i o n s ,  the d i s s o c i a t e d  p r o d u c t s  of  DSC 
d i s l o c a t i o n s  may form hexagonal  n e t w o r k s .
Two mechanisms can e x p l a i n  f o r  the f o r m a t i o n  o f  the  
hexagonal  n e t w o r k s .  When two l a t t i c e  d i s l o c a t i o n s  w i t h  the
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B u r g e r s  v e c t o r s  d i f f e r i n g  in d i r e c t i o n  by 120°  i n t e r s e c t  in 
the t w i n  p l a n ® ,  a new d i s l o c a t i o n  segment can be -formed as 
s ug g es t e d  by A me l in ck x  < 1 3 2 , 1 3 3 ) .  The d i s i o c a t  i ons w i l l  
c o n s i s t  o-f Ks and Ps no de -pa  i r s  as shown in F i g .  3 9 .  For a 
m a t e r  i al  w i t h  a su-f-f i c i en 1 1 y 1 ow s t a c k  i ng—f au 1 t e n e r g y , the  
Ks and Ps nodes can d i s s o c i a t e  as shown in F i g .  4 0 .  Af  t e r  
d i s l o c a t i o n  r ear r ange men t , F i g .  4 0 ( c )  i l l u s t r a t e s  the most  
common con-f i g u r a t  i on , because the hexagonal  con-f i g u r a t  i on 
m i n i m i z e s  the i n t e r  ac t i on be tween d i - f - f e r e nt  par  t i al  s by 
max i m i z i ng the a n g l e s  be tween t he m.
I t  s h o u l d  be n o t e d  t h a t  the d i s l o c a t i o n s  w i t h  B ur ge rs  
v e c t o r s  o f  a76  <112> have o f t e n  been i den t i f  i ed as " Shock 1ey 
par  t i a l s " , h o w e v e r , as Car t e r  and F o i l  <134)  p o i n t e d  o u t , 
the s t a c k i n g  f a u l t  can be removed when the a / 6  <112> 
d i s l o c a t i o n  i s  i n t r o d u c e d  i n t o  a t w i n  bo undar y  as shown in 
F i g .  4 0 .  The a / 6  <112> DSC d i s l o c a t i o n  i n t r o d u c e s  a s te p  in 
the b o u nd ar y ,  t h a t  i s ,  the boundary  p l a n e  i s  s h i f t e d  one 
<111> s p a c i n g  up or  down.
Pure n i c k e l  i s  a me t a l  w i t h  a r e  1 a t  i v e 1y h i gh  s t a c k  i ng 
f a u l t  e n e rg y  <125 mJ/m2 ) <135)  and the d i s s o c i a t i o n  of  Ks 
and Ps nodes has not  o b s er v ed  in b u 1k m a t e r i a l .  G1e i t e r  e t 
al  . <136)  r e p o r  t e d  t h a t  the s t a c k  i n g - f a u 1 t e n e r g y  in the  
v i c i n i t y  o f  a coheren t t wi n  boundary  d i f f e r s  f rom t h a t  of  
the b u l k  m a t e r i a l .  They f ound the s t a c k i n g - f a u 1t e n e rg y  in 
the s l i p  p l a n e s  n e x t  t o  the c o h e r e n t  t wi n boundar y  t o  be 
a bout  27. o f  t h a t  o f  the b u l k  m a t e r i a l .  The i n t r i n s i c  and
6?
e x t r i n s i c  s t a c k i n g  - f a u l t s  can be -formed in the c r y s t a l  
l a t t i c e  m a t e r i a l  a d j a c e n t  t o  the t w i n  b o un d a r y .  T h e r e f o r e , 
the mechanism r e p o r t e d  by Packe i s e r  and Gwinner  <13?)  -for 
the - format i on o f  a n o d e - pa  i r  by two s e t s  o f  p a r a l l e l  
n e a r - s c r e w  d i s i o c a t  i ons l y i n g  one above the o t h e r  and 
p a r a l 1e 1 t o  the twi  nn i ng p 1a n e , as shown in F i g .  4 1 ,  i s  a l s o  
possi  b l e  in t h i s  c a s e . 11 was n o t e d  < 1 3 4 , 1 3 7 )  t h a t  the  
e x t e n s i o n  o f  nodes i n v o l v e s  the movement of  a j o g  thr ough a 
c 1 i mb p r o c e s s . T h i s  can be ach i eved on 1y by h e a t  t r e a t m e n  t 
a t  a r e l a t i v e l y  h i gh  t e m p e r a t u r e s .
A n o t h e r  poss i b l e  mechan i sm is  f e a t u r e d  in F i g .  4 2 .  Two 
s e t s  o f  a/ 6  <112> DSC d i s l o c a t i o n s  w i t h  B u r g e r s  v e c t o r s  
d i f f e r i n g  in d i r ec  t i on by 120 0 meet  on the tw i nn i ng p 1a n e . A 
new segment can be for med by the i n t e r s e c t i o n  w i t h  the a i d  
of  a s l i p  p r o c e s s .  T h i s  p r o c e s s  is  v e r y  s i m i l a r  t o  the model  
d e v e l o p e d  by A m e l i n c k x  <132)  f o r  the hexagonal  l a t t i c e  
d i s i o c a t  i on ne t wo r ks  in tw i s t  boundar  i e s . But in the pr es en t 
c a s e ,  the l a t t i c e  d i s l o c a t i o n  f i r s t  d i s s o c i a t e s  i n t o  DSC 
d i s l o c a t i o n s  f o l l o w e d  by the r e a c t i o n  and r e a r r a n g e m e n t  of  
the DSC d i s l o c a t i o n s .  S in ce  the a/ 6  <112> type  d i s l o c a t i o n s  
have o f t e n  been o b s e r v e d  in deformed twi n boundar  i es  
< 1 2 7 , 1 2 8 )  and the r e a r r a n g e m e n t  of  t hese d i s l o c a t i o n s  i n t o  a 
hexagonal  conf  i g u r a t  i on on the tw i nn i ng p l a n e  on 1y i n v o l v e s  
g l i d e  p r o c e s s .  T h i s  mechanism o c c ur s  more e a s i l y  d u r i n g  
a n n e a l i n g  and i s  b e l i e v e d  to  be the dominant  mechanism f o r  
the f o r m a t i o n  o f  hexagonal  d i s l o c a t i o n  n e t wo r k s  in n i c k e l .
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D i s l o c a t i o n  i n t e r a c t i o n s  a t  c o h e r e n t  b o u n d a r i e s  in -fee 
m e t a l s  a f  t e r  p l a s t i c  d e f o r m a t i o n  have been i n v e s t i g a t e d  by 
many w o r k e r s  < 1 3 8 - 1 4 2 ) .  The DSC d i s l o c a t i o n s  w i t h  the  
B u r g e r s  v e c t o r s  o f  a / 6  <112> type have a l w a y s  been f ound on 
the t w i n n i n g  p l a n e .  V a r i o u s  t y p e s  of  r e a c t i o n s  between the  
d i s s o c i a t e d  d i s l o c a t i o n s  have been p r o p o s e d .  However ,  in the  
a n n e a l i n g  p r o c e s s ,  g r a i n  b o u n d a r i e s  a l w a y s  adopt  a l o c a l  
e q u i l i b r i u m  s t r u c t u r e ,  and the hexagonal  a r ra n g e m e n t  of  the  
a / 6  <112> di s i o c a t  i ons i s  a s t a b l e  c onf  i g u r a t  i on < 1 1 0 ) .  T h i s  
may e x p l a i n  the re as on  why the m a j o r i t y  o f  the twin  
b o u n d a r i e s  a re  a s s o c i a t e d  w i t h  hexagonal  d i s l o c a t i o n  
ne t w o r k s .
2 .  Image F e a t u r e s  of  C l o s e l y  Spaced Hexagonal  D i s l o c a t i o n  
N e t w o r k s  in S3 N e a r - T w i n  B o u n d a r i e s
A c c o r d i n g  t o  the CSL t h e o r y  and the DSC m o de l ,  a smal l  
t w i s t  d e v i a t i o n  f rom a c o h e r e n t  twi n bo undar y  i s  
accommodated by t h r e e  s e t s  o f  d i s l o c a t i o n s  w i t h  B u r g e rs  
v e c t o r s  o f  a / 6  <112> .  The s e c o n da r y  d i s l o c a t i o n  ne t wo rk s  
w i t h  B u r g e r s  v e c t o r s  o f  a / 6  <112> in a hexagonal  or  a 
r e g u l a r  s i x - s t a r  p a t t e r n  have been o b s e r v e d  in t w i s t  twin  
b o u n d a r i e s  in t h i n  f i l m s  of  Au or  Au/AuPd < 1 4 3 - 1 4 6 ) .  I t  i s  
known t h a t  each one o f  the a / 6  <112> d i s l o c a t i o n s  is  
a s s o c i a t e d  w i t h  a s t e p  and changes the boundar y  p l a n e  by 
d , i , .  For  a hexagonal  c o n f i g u r a t i o n ,  one o f  the a / 6  <112>
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dI  s i o c a t  i ons I s  a s s o c i a t e d  w i t h  a doubl e  s t e p  ( 1 0 1 )  . S c o t t  
and Goodhew ( 1 4 5 )  in a s t u d y  of  Au t h i n - f i l m  bi  c r y s t a l s  
s ug g e s t e d  t h a t  the s i x  s t a r  p a t t e r n  of  the a / 6  < 1 1 2 > 
d i s i o c a t  i ons i s  more s t a b l e  than the hexagonal  a r r a n g e m e n t ,  
because the l i n e  t e n s i o n  of  the d i s i o c a t  i on accommodat  i ng 
the doub l e  s t e p  i s  s u f f  i c i en 1 1 y l a r g e  and t ends  t o  s h r i n k  
the l i n e  segment  to z e r o  g i v i n g  the s i x - s t a r  p a t t e r n . The 
t o t a l  l e n g t h s  of  the d i s i o c a t  i on l i n e s  does not  change in 
t hese  two conf  i g u r a t  i o n s . However , a l 1 of  the a / 6  <112> 
d i s i o c a t  i on ne t w o r k s , whe t h e r  e x t r i n s i c  or  i n t r i n s i c  
c h a r a c t e r ,  ob ser v ed  in t h i s  s t udy  were in a hexagonal  
ar rangemen t , and the i r r e g u 1 a r 1 y shaped d i s i o c a t  i on ne t wor ks  
ob s e r v e d  in F i g .  16 were a p p a r e n t l y  an i n t e r m e d i a t e  s t a ge  
r e s u l t i n g  f r om d i s s o c i a t i o n  and i n t e r a c t i o n  between the 
d i s l o c a t i o n s .  A p p a r e n t l y ,  the s t ep  e ne r gy  a s s o c i a t e d  w i t h  
a/ 6  < 1 1 2 > d i s l o c a t i o n s  d i d  not  a f f e c t  the hexagonal  
a r r a ng eme nt  of  a/ 6  <112> d i s l o c a t i o n s  in n i c k e l .  Gol d i s  a 
me t a l  w i t h  cons i d e r a b l y  1ow s t a c k  i n g - f a u 1 t e ner gy  ( ~32mJ/ m2 ) 
compared t o  n i c k e l  <125mJ/m2 ) ( 1 1 0 )  . 11 seems t h a t  the  
s t a c k i n g - f a u 1 t e ne r gy  or  the i n t e r a t o m i c  p o t e n t i a l  e ne r gy  
may a f f e c t  the g r a i n  boundar y  s t r u c t u r e  more s i gn i f  i can 1 1 y 
in t h i s  c a s e .
The image c o n t r a s t  of  c r y s t a l  d e f e c t s  in TEM 
m i c r o g r a p h s  i s  m a i n l y  pr oduced by d i f f r a c t i o n  ( o r  a m p l i t u d e )  
c o n t r a s t .  T h i s  i s  because the a t omi c  d i s p l a c e m e n t  a r ound the  
d e f e c t s  cause the i n c i d e n t  e l e c t r o n  beam t o undergo phase
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s h i f t s  whi ch i n t r o d u c e  s u f f i c i e n t  a m p l i t u d e  changes in the  
e l e c t r o n  wave to produce o b s e r v a b l e  i n t e n s i t y  d i f f e r e n c e s  
when compared t o  images o f  a p e r f e c t  l a t t i c e .  The image 
w i d t h  o f  a d i s l o c a t i o n  in the two-beam d i f f r a c t i o n  c o n d i t i o n  
i s  about  one t h i r d  of  the e x t i n c t i o n  d i s t a n c e  o f  the  
o p e r a t  i ng d i f f r a c  t i on vec t o r ( f 0 > , and in n i c k e l  the image 
w i d t h  s hou l d  be about  8  nm in the two-beam c o n d i t i o n  of  
g = [ 1 1 1 ] .  When the d i s l o c a t i o n  spac i ng i s  s m a l 1 er  than 1 0  nm, 
the image c o n t r a s t  mechan i sm i s  comp 1 i c a t e d  because of  the  
s u p e r p o s i t i o n  of  s t r a i n  c o n t r a s t  f rom the i n d i v i d u a l  
di s i o c a t  i ons and Mo i f e  e f f e c t s  assoc i a t e d  w i t h  the  
m i sor  i en t a t  i on a t  the b o u n d a r y . Th o l en  ( 1 4 7 )  has s i mu 1a t e d , 
w i t h  a compu t e r , TEM images of  or  t hogonal  d i s i o c a t  i on 
n e t wo r k s  of  low a ng l e  t w i s t e d  boundar y  under  two-beam 
cond i t i ons and w i t h  v a r i o u s  d i s l o c a t i o n  spac i n g s . 1 1  was 
f ound t h a t  t h e r e  i s  c o n s i d e r a b l e  o v e r l a p  of  the s t r a i n  
f i e l d s  f rom the two d i s i o c a t  i ons near  the n o d e s , and t h i s  
a f f e c t s  the image f e a t u r e s  as the d i s i o c a t  i on s p a c i n g  
becomes s m a l l e r .  When the s p a c i n g  i s  l e s s  than 0 . 5  a new 
p a t t e r n  g r a d u a l l y  a p p e a r s  w i t h  l i g h t  and dar k  f r i n g e s  
p a r a l l e l  to the d i f f r a c  t i on vec t o r . T h i s  p a t t e r n  i s  
i n d i s t i n g u i s h a b l e  f rom M o i r e  f r i n g e s  and the f r i n g e  c o n t r a s t  
does not  r e p r e s e n t  the a c t u a l  a t omi c  a r r a ng e me nt  in the  
b o u n d a r y .
In a d d i t i o n ,  the ne t wo r k s  of  g r a i n  boundar y  
d i s l o c a t i o n s  t h e ms e l v e s  can a c t  as a d i f f r a c t i o n  g r a t i n g  in
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i n c l i n e d  b o u n d a r i e s  and pr oduce e x t r a  p e r i o d i c  a r r a y s  of  
d i f f r a c t i o n  s p o t s  in the d i f f r a c  t i on p a t t e r n  < 1 4 8 - 1 5 0 ) .  Tan
e t  a l . <151)  have i n d i c a t e d  t h a t  i f  the e x t r a  r e f  1 ec t i o n s ,
whi ch r e s u l t  f r om g r a i n  boundar y  per  i od i c i t y  or  doubl  e
di  f f r a c  t i o n , ar e  a l l o w e d  t o  pass t hr ough the o b j e c t i v e
a p e r t u r e ,  t h e y  can i n t e r f e r e  w i t h  the m a t r i x  r e f l e c t i o n s  and 
g i v e  r i s e  t o  a f r i n g e  p a t t e r n  in a d d i t i o n  t o  a Mo i r e  
f r i n g e s .  They r e f e r  t o  t h i s  image mechanism as " i n t e r f e r e n c e  
s t r a i n  con t r a s t " whi ch i s  o p e r a t  i ve a t  s m a l 1 d i s i o c a t  i on 
s p a c i n g s  < ~ 3 . 4 n m ) . Se v e r a l  w o r k e r s  < 1 5 2 - 1 5 5 )  have pr oved  
t h a t  the e x t r a  r e f  1 ec t i o n s , in add i t i on t o  the m a t r i x  
r e f l e c t i o n s ,  can be used f o r  i n t e r p r e t i n g  f r i n g e  systems in 
images and d*  term i n i ng the per  i od i c i t i es assoc i a t e d  w i t h  
i n t r i n s i c  g r a i n  boundar y  s t r u c t u r e .  The f r i n g e  p a t t e r n  
o b t a i n e d  under  c e r t a i n  c o n d i t i o n s  may a l s o  produce s p u r i o u s  
f r i n g e s  whi ch have n o t h i n g  t o  do w i t h  the r e a l  boundary  
s t r u c t u r e .
I t  was ob se r v ed  in the p r e s e n t  s t u d y  t h a t  when the 
hexagonal  d i s l o c a t i o n  s p a c i n g  i s  s m a l l e r  than 15 nm in 
n e a r - t w i n  b o u n d a r i e s ,  o n l y  one s e t  o f  <1 1 0 > f r i n g e s  was 
a l wa y s  ob se r v ed  under  d i f f e r e n t  i magi ng c o n d i t i o n s ,  and t h a t  
the f r i n g e  d i r ec  t i on i s  not  n e c e s s a r i l y  p a r a l l e i  t o  the 
d i f f r a c t i o n  v e c t o r .  T h i s  i m p l i e s  t h a t  the f r i n g e  f e a t u r e  may 
not  r e s u 1 t f r om the d i f f r a c  t i on con t r a s t  mechanism a l o n e .  
E x t r a  r e f l e c t i o n s  in the v i c i n i t y  of  the m a t r i x  r e f l e c t i o n s  
have a l s o  been obse r ved  In some d i f f r a c  11 on p a t t e r n s .
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However ,  not  enough i n- for mat i on c o u l d  be o b t a i n e d  -for the  
s t u d y  o-f t h e i r  r e l a t i o n s h i p s  w i t h  the - f r i nge  p a t t e r n  or  the  
d i s l o c a t i o n  s t r u c t u r e  . The - f r i nge  con t r a s t  appar en 11 y 
r e s u l t e d  -from both d i f f r a c t i o n  and i n t e r f e r e n c e  s t r a i n  
con t r a s t  mechani sms.  The l i n e  v e c t o r  of  <110 > f r i n g e s  i s  
a c t u a l l y  a comb i na t  i on o f  two p r i m i t i v e  vec t o r s  of  a / 6  
<1 1 2 > , t h e r e f o r e , the f r i n g e s  s hou 1 d not  be an i ndependen t 
r e p r e s e n  t a t  i on of  the per  i od i c i t y  of  the tw i s t  tw i n boundar y  
s t r u c t u r e .  Se v e r a l  w o r k e r s  ( 1 4 5 , 1 4 4 )  i n t e r p r e t e d  s i m i l a r  
f r i n g e  f e a t u r e s  in tw i s t e d  tw i n boundar  i es as an 
i n t r o d u c t i o n  of  a smal l  t i l t  component  i n t o  the boundar y .  
From t h i s  o b s e r v a t  i o n , i t  can be seen t h a t  the f r i n g e s  are  
a c t u a l l y  i n t e r f e r e n c e  f r i n g e s  and a c l e a r  u n d e r s t a n d i n g  of  
the d e t a i l e d  s t r u c t u r e  o f  the c 1 o s e 1 y spaced d i s i o c a t  i on 
ne t wo r k s  in a boundar y  can o n l y  be o b t a i n e d  by i magi ng the  
boundar y  under  d i f f e r e n t  d i f f r a c t i o n  c o n d i t i o n s .
3 .  P e r i o d i c  F e a t u r e s  in Bo u n d a r i e s  in N i c k e l
An n e a l e d  a t  800°C
A hi gh p e r c e n t a g e  o f  t wi n  or  n e a r - t w i n  b o u n d a r i e s  
a s s o c i a t e d  w i t h  p e r i o d i c  a r r a y s  of  DSC d i s l o c a t i o n s  were  
ob s e r v e d  in n i c k e l  in t h i s  s t u d y .  The main r eason f o r  t h i s  
f e a t u r e  i s  a t t r i b u t e d  t o  the low t wi n boundar y  e ne r gy  of  
n i c k e l  and the t her momechani ca l  t r e a t m e n t .  I t  i s  w e l l  known 
t h a t  a n n e a l i n g  t w i n s  commonly occur  in n i c k e l  due to i t s
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l ower  t wi n  boundar y  e n e r g y  and t h i s  i s  e v i d e n c e d  in the TEM 
o b s e r v a t i o n s .  The t wi n  boundar y  p l a n e  in -Fee m a t e r i a l s  is  
( 1 1 1 ) ,  whi ch i s  the s l i p  pl an® of  m a t r i x  d i si  o c a t  i o n s . I n 
the de f or med ma t e r  i al  , the d i si  oc a t  i on con ten t i s  v e r y  h i gh  
in both twi  n and g e n e r a l  g r a i n  boundar  i e s . Johnesson e t  al  . 
<??)  and Jones e t  a l . <156)  have r e p o r t e d  t h a t  t wi n  
boundar  i es con t a  i n a h i g h e r  d e n s i t y  o-f eas i 1 y r e s o l v a b l e  
d i s l o c a t i o n s  than o r d i n a r y  h i g h - a n g l e  g r a i n  b o u n d a r i e s  
dur  i ng anneal  i ng or  di  s i o c a t  i on domi n a t e d  c r ee p  . Dur i ng 
se condar y  c r e e p ,  the d i s l o c a t i o n s  in t wi n  b o u n d a r i e s  were  
ob s e r v e d  t o  r e a r r a n g e  i n t o  r e g u 1 ar  a r r a y s  in a manner  
s i m i 1ar  t o  the po l ygon i z a t  i on phenomenon in the m a t r i x .  They  
c onc l u de d  t h a t  t wi n  b o u n d a r i e s  can p r o v i d e d  a good memory 
f o r  the p r e v i o u s  d i s l o c a t i o n  movements in the m a t r i x .  
However ,  no d e t a i l e d  a n a l y s i s  was a t t e m p t e d  in t h e i r  wor k .
I n the p r e s e n t  s t u d y ,  the a n n e a l e d  t wi n  boundar y  
s t r u c t u r e  in n i c k e l  i s  s i m i 1 ar  to t h a t  of  s e c o n d a r y - c r e p  t 
s t a i n l e s s  s t e e l .  D i s l o c a t i o n  ne t wo r k s  in the n e a r - t w i n  
boundar y  may be f or med by d i s s o c i a t i o n  r e a c t i o n s  of  the  
l a t t i c e  s l i p  d i s l o c a t i o n s  whi ch were i n t r o d u c e d  i n t o  the  
boundar y  d u r i n g  d e f o r m a t i o n  and f o l l o w e d  by a n n e a l i n g .  When 
the g r a i n  boundar y  d i s l o c a t i o n  d e n s i t y  i s  h i g h ,  the  
d i s l o c a t i o n s  may a l s o  r e a r r a n g e  t h e m s e l v e s ,  by a p u c k e r i n g  
or  s h u f f l i n g  mechanism < 1 1 5 ) ,  i n t o  more u n i f o r m l y  and 
r e g u l a r l y  spaced n e t w o r k s .  S i nce  t wi n  b o u n d a r i e s  have the 
l owe s t  e ne r gy  of  the h i gh  a ng l e  b o u n d a r i e s ,  the
7^
accommodat i on o-f e x t r i n s i c  d i s l o c a t i o n s  i n t o  a t wi n  boundar y  
d u r i n g  a n n e a l i n g ,  and cha ng i ng  i t  i n t o  a n e a r - t w i n  boundar y ,  
can on 1y i n c r e a s e  the boundar y  e ne r gy  s l i g h t l y .  H o we v e r , the  
t o t a l  s t r a i n  ene r gy  in the  m a t r i x  and the 1 ong r ange  s t r a i n  
■f i e l ds  o-f the d i s l o c a t i o n  s t r u c t u r e  a r e  g r e a t l y  r e d u c e d .
T h i s  shou 1 d be a s p e c i a l  ■feature in the r e c o v e r y  and 
r e c r y s t a l  1 I z a t  i on p r o c e s s  in f e e  m e t a l s  whi ch have a h i gh  
p r o p o r t i o n  of  t wi n  b o u n d a r i e s .
4 .  N e a r - C o i n c i d e n c e  Boundary
In t h i s  s t u d y ,  a l t h o u g h  most  of  the g r a i n  b o u n d a r i e s  
In n i c k e l  were  f ound  t o  be t wi n  r e l a t e d ,  a 2 2 9  boundar y  has  
been c h a r a c t e r i z e d  in d e t a i l  and i s  shown in F i g .  33 .  The 
r e s u l t s  s t r o n g l y  s u p p o r t  the CSL t h e o r y  and the DSC model  
t h a t  a h i gh  a ng l e  g r a i n  boundar y  w i t h  a s l i g h t  d e v i a t i o n  
f r om the c o i n c i d e n c e  o r i e n t a t i o n  w i l l  be accommodated by DSC 
se co nda r y  d i s l o c a t i o n s .  The s p a c i n g  of  DSC se condar y  
d i s l o c a t i o n s  w i l l  de c r e a s e  w i t h  the i n c r e a s e  of  the  
d e v i a t i o n  a n g l e .  T h i s  agr eement  has been r e p o r t e d  by o t h e r s  
< 5 6 , 5 ? ) .
When the d e v i a t i o n  a ng l e  i s  f a r  f r om the c o i n c i d e n c e  
o r i e n t a t i o n ,  such as w i t h  the boundar y  shown in F i g .  3 4 ,  no 
i n t r i n s i c  d i s l o c a t i o n  s t r u c t u r e  c o u l d  be r e s o l v e d  by the  
p r e s e n t  t e c h n i q u e .  G l e i t e r  e t  a l . ( 7 2 )  s ugg es t ed  t h a t  the  
o b s e r v a t i o n a l  d i f f i c u l t i e s  may be due t o  the wI de
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d i s l o c a t i o n  c o r e s  or  d e 1 ocal  i z a t i o n  of  the c l o s e l y  packed  
g r a i n  boundar y  d i s l o c a t i o n s  and t hus a weak s t r a i n  f i e l d .  In 
the p r e s e n t  s t u d y , s i n c e  a d i s l o c a t i o n  s p a c i n g  s m a l l e r  than  
4 nm has not  been r e s o l v e d  in the boundar  i es by the pr esen t 
method,  no cone 1 usi  on can be drawn as t o  whe t h e r  or  not  the  
a p p a r e n t  absence of  I n t r i n s i c  g r a i n  boundar y  d i s i o c a t  i ons i s  
due to d e 1 o c a l i z a t i o n  o f  the d i s l o c a t i o n  c o r e .
5 .  E x t r i n s i c  D i s i o c a t  i on Reac t i on
From the o b s e r v a t i o n ,  i t  can be seen t h a t  the  
I n c o r p o r a t i o n  of  a l a t t i c e  d i s l o c a t i o n  i n t o  a 
n e a r - c o i n c i d e n c e  boundar y  i s  a complex p r o c e s s ,  and the  
l a t t i c e  d i s l o c a t i o n  may or  may not  d i s s o c i a t e  i n t o  DSC or  
p a r t i a l  d i s l o c a t i o n s .  The r e a c t i o n  p r o c e s s  i s  c o n t r o l l e d  by 
the Bur ge r s  v e c t o r  of  t he  l a t t i c e  di  s i o c a t  i o n , the pr esence  
of  s t r a i n  f i e l d s  of  a l l  the o t h e r  p r e e x i s t i n g  d i s l o c a t i o n s  
in the boundar y  and the t e m p e r a t u r e .
When the d i s s o c i a t i o n  p r o d u c t s  of  a l a t t i c e  d i s l o c a t i o n  
have B u r g e r s  v e c t o r s  i d e n t i c a l  t o  any of  the p r e e x i s t i n g  
d i s l o c a t i o n s ,  d i s s o c i a t i o n  r e a c t i o n s  were  o f t e n  o b s e r v e d .  I f  
the d i s s o c i a t i o n  p r o d u c t s  have t h e i r  B u r g e r s  v e c t o r s  
p o i n t i n g  out  of  the boundar y  p l a n e ,  the d i s s o c i a t i o n  
p r oc e s s  oc c ur s  a t  a r a t e  l i m i t e d  by c l i m b .  However ,  t h i s  
pr oce s s  o c c u r r e d  w i t h o u t  d i f f i c u l t y  d u r i n g  a n n e a l i n g  a t  800 
C such as shown in F i g .  17.  The d i s s o c i a t i o n  p r o d u c t s  e i t h e r
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were i n c o r p o r a t e d  i n t o  the p r e e x i s t i n g  DSC d i s l o c a t i o n  
ne t wo r k s  as p a r t  o-f the i n t r i n s i c  s t r u c t u r e  or  i n t e r a c t e d  
w i t h  the i n t r i n s i c  d i s i o c a t  i ons by r e a d j u s t i n g  t h e i r  l i n e  
d i r e c t i o n s  t o  be p a r a l l e l  t o  the i n t r i n s i c  di  s i o c a t  i o n s , 
such as shown in F i g s .  17 and 22 .  I n  both c a s e s , the s t r a i n  
■f i e l ds  o-f the d i s s o c i a t i o n  p r o d u c t s  have been r e d u c e d .
On the o t h e r  h a n d , i f  the e x p e c t e d  di  ssoc i a t  i on 
produc t s  o-f an absor bed d i si  oca t  i on a r e  not  i den t i cal  t o  any  
o-f the p r e e x i s t i n g  DSC d i si  oca t  i ons in the boundar y  p l a n e ,  
d i ssoc i a t  i on r eac  t i on does not  ne c e s s a r  i 1 y o c c u r . I n s t e a d  , 
the absor bed l a t t i c e  d i s i o c a t  i ons can r e t a i n  t h e i r  i den t i t y  
af  t e r  a n n e a l i n g  -for 1 hour  a t  8 0 0 ° C , such as shown in F i g s .
16 and 2 3 .  However ,  the weak image con t r a s t  o-f these  
u n d i s s o c i a t e d  d i s i o c a t  i ons sugg e s t e d  t h a t  t hey  have 
i n t e r a c t e d  w i t h  the adj  acen t p r e e x i s t i n g  d i s i o c a t  i on 
ne t wor k s  by r e a d j  us t  i ng t h e i r  1 i ne d i r ec  t i o n s . T h i s  
i n t e r a c t i o n  i s  a di - f - fusi on c o n t r o l l e d  p r o c e s s  i n v o l v i n g  atom 
r ear r angemen t , and the g r a  i n boundar y  s t r u c t u r e  a t  t h i s  
s t a ge  i s  i n a non-equ i 1 i br  i urn s t a g e . Pond and Smi th < 63)
have shown t h a t  the images o-f di  ssoc i a t e d  di  si  oc a t  i ons may
appear  br oad and - f a i n t  in the boundar y  because of  c o n t r a s t  
e f f e c t s  or  because the image was r e c o r d e d  a t  1 ower  
magn i f  i c a t  i o n . T h i s  i s  not  the  case in t he  pr esen  t s t u d y ,  by
compar i son of  F i g s .  16 and 2 3 ,  i t  can be seen t h a t  some of
the absor bed l a t t i c e  d i s l o c a t i o n s  d i d  not  show d i s s o c i a t i o n  
r eac  t i ons dur  i ng a n n e a 1 i n g . I n s t e a d , some showed f a i n t
77
c o n t r a s t  whi ch was not  due t o  c o n t r a s t  e f f e c t s  or  l a c k  of  
r e s o l u t i o n  in the image.  I t  i s  e x p e c t e d  t h a t  the  
d i sappe a r e nce  o f  t h i s  k i n d  of  absor bed  l a t t i c e  d i s l o c a t i o n s  
d u r i n g  f u r t h e r  a n n e a l i n g  i s  by a d i s s o l u t i o n  or  atom 
r e a r r a n g e m e n t  p r oc e s s  r a t h e r  than by a d i s s o c i a t i o n  
r eac  t i o n .
R e c e n t l y ,  s e v e r a l  w o r k e r s  < 1 5 7 , 1 5 8 )  have i n t e r p r e t e d  
the r e a c t i o n s  of  l a t t i c e  d i s l o c a t i o n s  w i t h  g r a i n  b o u n d a r i e s  
d u r i n g  d e f o r m a t i o n  by r e f e r e n c e  t o  the d i s s o c i a t i o n  mode l .  
However ,  f r om the p r e s e n t  o b s e r v a t i o n ,  i t  a p p e a r s  t h a t  the  
d i s s o c i a t i o n  r e a c t i o n  i s  not  the o n l y  p r o c e s s  o c c u r r i n g  in 
g r a i n  b o u n d a r i e s  even in the a n n e a l i n g  p r o c e s s .  The s t r a i n  
i n t e r a c t i o n  between g r a i n  boundar y  d i s l o c a t i o n s  s h o u l d  a l s o  
be c o n s i d e r e d  in both of  the p l a s t i c  d e f o r m a t i o n  and 
a n n e a l i n g  p r o c e s s .
6.  Twi n B o u n d a r i e s  in N i c k e l  An n e a l e d  a t  1000°C
In t h i s  s t u d y ,  the o v e r whe l mi n g  m a j o r i t y  of  g r a i n  
b o u n d a r i e s  whi ch e x i s t e d  a f t e r  a n n e a l i n g  a t  1000 °C were  
f ound  t o  be e x a c t  t wi n  b o u n d a r i e s .  T h i s  i s  because the  
e q u i l i b r i u m  g r a i n  boundar y  s t r u c t u r e  in we 1 1 - a n n e a l e d  m e t a l s  
i s  m a i n l y  c o n t r o l l e d  by g r a i n  boundar y  e n e r g y ,  whi ch i s  v e r y  
low f o r  t wi n  b o u n d a r i e s  in n i c k e l .  T h i s  o b s e r v a t i o n  i s  
c o n s i s t e n t  w i t h  the r e c e n t  r e p o r t  by L i m and Raj  ( 1 5 9 ) .
F a c e t i n g  i s  known t o  occur  f r e q u e n t l y  in t wi n
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b o u n d a r i e s ,  and s e v e r a l  w o r k e r s  < 1 6 0 , 1 6 1 )  have shown t h a t  
■faceted b o u n d a r i e s  can occur  when the boundar y  
m i sor  i en t a t  i on i s  c l o s e  t o  a co i nc i dence or  i e n t a t  i o n . They  
ob s e r v e d  t h a t  the boundar y  p l a n e  c o r r e s p o n d s  t o  a CSL p 1a n e . 
Ot her  w o r k e r s  ( 1 6 2 , 1 6 3 )  have a l s o  f ound t h a t  f a c e t s  in 
m i g r a t i n g  b o u n d a r i e s  g e n e r a l l y  c o r r e s p o n d  t o  1 o w - t o - m o d e r a t e  
d e n s i t y  CSL p l a n e s .
The f o r m a t i o n  of  t hese  f a c e t s  i s  c o n t r o l l e d  by both  
e q u i l i b r i u m  and n o n - e q u i l i b r i u m  f a c t o r s .  E q u i l i b r i u m  f a c e t  
f o r m a t i o n  i s  c o n t r o l l e d  by the boundar y  e ne r gy  a t  the  
p a r t i c u l a r  o r i e n t a t i o n ,  wher e a s  n o n - e q u i l i b r i u m  f a c e t  
f o r m a t i o n  i s  dependent  on a n i s o t r o p i c  r a t e s  of  g r a i n  
boundar y  movements.  For  t wi n  b o u n d a r i e s ,  the e q u i l i b r i u m  
f a c e t e d  boundar y  p l a n e  i s  ob se r v ed  to be the CSL p l a n e .  F i g .  
43 shows the d i f f e r e n t  c o i n c i d e n c e  p l a n e s  in a t wi n boundar y  
( 3 7 ) .  F a c e t s  of  ( 1 1 1 ) ,  <11 7 7 > , < 1 1 2 > , and C113> have been 
o b se r v ed  by TEM < 9 8 , 1 6 4 , 1 6 5 ) .  I n  t h i s  i n v e s t i g a t i o n ,  the low 
d e n s i t y  c o i n c i d e n c e  p l a n e s  such as <12 2 > , <133> and <115> 
were a l s o  o b s e r v e d  a l t h o u g h  not  r e p o r t e d  by o t h e r s .
D i s p l a c e m e n t  f r i n g e s  were a l wa y s  ob s e r v e d  in n o n - < 111> 
c o i n c i d e n c e  p l a n e s  under  two-beam common d i f f r a c t i o n  
c o n d i t i o n s .  T h i s  s u g g e s t s  t h a t  the atoms in these p l a n e s  
were a l wa y s  d i s p l a c e d  f r om t h e i r  c o i n c i d e n c e  p o s i t i o n s  in 
o r d e r  t o  r e l i e v e  o v e r c r o w d i n g  in the v i c i n i t y  o f  the  
boundar y  p l a n e .  Cr o c k e r  and F a r i d i  ( 4 3 )  have s t u d i e d  the  
a t omi c  s t r u c t u r e s  of  copper  by u s i n g  computer  s i m u l a t i o n .
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They -found t h a t  C111 > b o u n d a r i e s  e x h i b i t  v e r y  l i t t l e  
r e l a x a t i o n  but  t h a t  the < 1 1 2 ) and <113> b o u n d a r i e s  e x h i b i t  
d i s p l a c e m e n t  -from the c o n v e n t i o n a l  m i r r o r  image o r i e n t a t i o n  
r e l a t i o n .  They f ound t h a t  s e v e r a l  s t r u c t u r e s  have s i m i l a r  
e n e r g i e s  f o r  the same b o unda r y ,  and <1 i 1 > boundar y  p l a n e s  
have t he l o we s t  e ne r gy  f o l l o w e d  by C113> and ( 1 1 2 ) .  The 
p r e s e n t  r e s u l t s  a r e  in agr eement  w i t h  t h e i r  t h e o r e t i c a l  
r e s u l t s  event hough t h e i r  l a t t e r  c o n c l u s i o n s  were d e r i v e d  
f r om c a l c u l a t i o n s  f o r  c o p p e r .
C h a p t e r  UI  Summary and C o n c l u s i o n
TEM has been used t o  s t u d y  the g r a i n  boundar y  s t r u c t u r e  
and a n n e a l i n g  b e h a v i o r  o-f n i c k e l .  The o b s e r v a t i o n s  r e v e a l e d  
t h a t  the m a j o r i t y  o-f g r a i n  b o u n d a r i e s  in the a s - r e c e i v e d  
ma t e r  i al  con t a  i n h i gh  dens i t i e s  of  i n t r i n s i c  d i s i o c a t  i o n s , 
e x t r i n s i c  d i s l o c a t i o n s ,  and l e d g e s .  The d i s t r i b u t i o n  of  
e x t r i n s i c  d i s i o c a t  i ons in t wi n  boundar  i es i s  v e r y  i r r e g u 1 a r , 
and the d e f e c t  c o n t e n t  and d i s t r i b u t i o n  v a r i e s  f o r  d i f f e r e n t  
boundar  i e s .
A f t e r  a n n e a l i n g  a t  800 °C f o r  1 h o u r ,  the d i s t r i b u t i o n  
of  d i s l o c a t i o n s  in the g r a i n  boundar y  became r e g u l a r .  Many 
c o h e r e n t  t wi n b o u n d a r i e s  were a s s o c i a t e d  w i t h  hexagonal  
d i s l o c a t i o n  n e t wo r k s  of  a / 6  <112> t y p e .  Because a t wi n  p l ane  
i s  the common s l i p  p l a n e  in f e e  m e t a l s ,  a h i gh d e n s i t y  of  
s l i p  d i s l o c a t i o n s  can be absor bed i n t o  t wi n  b o u n d a r i e s  
d u r i n g  t her momechani ca l  t r e a t m e n t .  Dependi ng on the Bur ge r s  
v e c t o r  of  the r u n - i n  d i s l o c a t i o n  and the o r i e n t a t i o n  of  the  
t wi n  p l a n e ,  the a bsor bed  d i s l o c a t i o n  can d i s s o c i a t e  i n t o  DSC 
d i s l o c a t i o n s  of  the a/ 6  <112 > . The d i s s o c i a t i o n  p r o d u c t s  can 
then r e a c t  w i t h  the p r e e x i s t i n g  DSC d i s l o c a t i o n s  t o  form 
hexagonal  n e t w o r k s .  In some c a se s ,  the absor bed l a t t i c e  
d i s l o c a t i o n  can i n t e r a c t  w i t h  a n o t h e r  l a t t i c e  d i s l o c a t i o n  in 
the t wi n  boundar y  t o  f or m a Ks and Ps node p a i r .  The 
d i s s o c i a t i o n  of  the Ks and Ps nodes,  f o l l o w e d  by 
r e a r r a n g e m e n t s ,  can r e s u l t  in hexagonal  d i s l o c a t i o n
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n e t w o r k s .  T h i s  c o n f i g u r a t i o n  w i l l  i n t r o d u c e  a smal l  t w i s t  
mi sor  i en t a t  i on i n t o  the coher en t  tw i n b o u n d a r y , however ,  the  
o v e r a l l  s t r a i n  e ne r gy  in the m a t e r i a l  i s  r e d u c e d .  T h i s  
behav i or  i s  e x p e c t e d  to occur  in a l 1 f e e  me t a l s  w i t h  a h i gh  
p r o p o r t i o n  of  tw i n boundar  i es dur  i ng anneal  i ng a t  the  
r e c o v e r y  and r e c r y s t a l  1 i z a t  i on s t a ge  or  d u r i n g  d i s l o c a t i o n  
domi na t ed  c r e e p .
D i s s o c i a t i o n  o f  an absor bed l a t t i c e  d i s l o c a t i o n s  i n t o  a 
a / 3  <111> type d i s l o c a t i o n  and a a/ 6  <112> type d i s l o c a t i o n  
in the n e a r - t w i n  boundar  i es was o b s e r v e d . The d i ssoc i a t  i on 
p r o d u c t s  of  a / 6  < 1 1 2 > d i s l o c a t i o n s  were  o b s e r v e d  to i n t e r a c t  
w i t h  the o t h e r  e x t r i n s i c  a/ 6  <1 1 2 > d i s l o c a t i o n s  and to form  
hexagonal  d i s l o c a t i o n  n e t w o r k s .  A l t h o u g h  the d i s s o c i a t i o n  
r e a c t i o n  i s  not  an ener ge  t i c a l 1 y f a v o r a b l e  r eac  t i o n , i t  
seems t h a t  the f o r m a t  i on of  hexagonal  d i s i o c a t  i on ne t wor ks  
whi ch super posed upon the i n t r i n s i c  d i s l o c a t i o n  a r r a y s  can 
f u r t h e r  r educe the s t r a i n  f i e l d s  of  the d i s l o c a t i o n s  and 
t h e r e f o r e  d r i v i n g  the d i s s o c i a t i o n  r e a c t i o n s  to c o m p l e t i o n .
D e t a i l e d  a n a l y s e s  have been made of  s e v e r a l  n e a r -  £3  
b o u n d a r i e s  and one £ 2 9  boundar y  t o  d e t e r m i n e  the B u r g e r s  
v e c t o r s  and l i n e  d i r e c t i o n s .  In both c a s e s ,  the i n t r i n s i c  
d i s l o c a t i o n  s t r u c t u r e  can be i n t e r p r e t e d  by the CSL t h e o r y  
and DSC mode l .  The d i s l o c a t i o n  s p a c i n g  becomes s m a l l e r  as 
the d e v i a t i o n  f r om the c o i n c i d e n c e  o r i e n t a t i o n  i n c r e a s e s .
For  c l o s e l y  spaced d i s l o c a t i o n s  <<15 n m ) , the TEM image 
b e h a v i o r  i s  c o m p l i c a t e d  by the o v e r l a p  of  s t r a i n  f i e l d s  and
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by the i n t e r f e r e n c e  s t r a i n  c o n t r a s t .  I n t e r f e r e n c e  f r i n g e s ,  
r a t h e r  than the r e a l  d i s i o c a t  i on s t r u c t u r e , were  of  ten  
ob s e r v e d  under  v a r  i ous d i f f r a c  t i on cond i t i o n s . These  
comp 1 i c a t  i ons s uggest  t h a t  the i den t i f  i c a t  i on and 
de term i na t  i on o f  B u r g e r s  vec t o r s  of  g r a  i n boundar y  
d i s l o c a t i o n s  must  be done c a r e f u 1 1 y .
D i s s o c i a t i o n  r e a c t i o n s  of  the absor bed  l a t t i c e  
d i s i o c a t  i ons in a g r a  i n boundar y  were ob se r v e d  t o  occur  
common 1y in the n e a r - c o  i nc i dence b o u n d a r y . Never  t h 1 e s s , i f  
the 1 ow e n e r g y  d i ssoc i a t  i on produc t s  < as de term i ned by 
F r a n k ' s  r u l e )  o f  an absor bed  d i s i o c a t  i on were  not  i d e n t i c a l  
t o  any of  the p r e e x i s t i n g  DSC d i s i o c a t  i ons in the boundary  
p l a n e ,  the d i ssoc i a t  i on r eac  t  i on d i d  not  o c c u r . I n s t e a d ,  the 
absor bed l a t t i c e  d i s i o c a t  i ons i n t e r a c t e d  w i t h  the  
p r e e x i s t i n g  DSC d i s i o c a t  i ons by r e ar r a nge men  t of  t h e i r  l i n e  
d I r e c  t i ons to be p a r a l l e l  t o  the DSC d i s i o c a t  i o n s . The 
r e s u 1 t i ng v i s i b i 1 i t y  of  the absor bed l a t t i c e  d i s i o c a t  i ons 
was v e r y  weak In the TEN mi c r o g r a p h s .
Recent  s t u d i e s  ( 1 5 7 , 1 5 8 )  i n t e r p r e t e d  the g r a i  n boundary  
b e h a v i o r  dur  i ng d e f o r m a t i o n  by the d i ssoc i a t  i on m o d e l . 
H o we v e r , the pr esen  t o b s e r v a t  i on s u g g e s t s  t h a t  in some cases  
the absor bed l a t t i c e  d i s i o c a t  i ons a r e  not  accomodat ed in 
t h i s  m a n n e r .
A f t e r  a n n e a l i n g  a t  1000 °C f o r  1 h o u r , most  tw i n 
b o u n d a r i e s  were we 1 1 - a n n e a l e d  and f a c e t e d  i n t o  c o i n c i d e n c e  
o r i e n t a t i o n s .  The < 111 > boundar  i es were most  of  ten o b s e r v e d ,
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■fol lowed by C1 i 2 > and C1 i 3 > p l a n e s .  F a c e t s  o-f < 1 1 5 } ,  <133>,  
and <122> were a l s o  o b s e r v e d .  The d i s p l a c e m e n t  - f r i nge  
t e c h n i q u e  was u t i l i z e d  t o  examine the o c c u r r e n c e  o-f atom 
d i s p l a c e m e n t  in the c o i n c i d e n c e  p l a n e .  I t  was -found t h a t  
atoms in a l l  non- <  1 1 1  } p l a n e s  were  d i s p l a c e d  -from t h e i r  
e x a c t  c o i n c i d e n c e  p o s i t i o n .  T h i s  b e h a v i o r  i s  c o n s i s t e n t  w i t h  
the t h e o r e t i c a l  c a l c u l a t i o n s  < 4 3 ) .
S i n ce  the n i c k e l  used in t h i s  s t u d y  was commerc i a l 1 y 
pure m e t a l ,  the o v e r whe l mi n g  m a j o r i t y  o-f the b o u n d a r i e s  
o b se r v ed  in TEM were t wi n  r e l a t e d .  The - f r a c t i o n  of  ge ne r a l  
b o u n d a r i e s  mi g h t  i n c r e a s e  in h i gh p u r i t y  n i c k e l  or  o t h e r  
m e t a l s  w i t h  a h i g h e r  s t a c k i n g - f a u 1 t e n e r g y ,  e . g . ,  a luminum 
or  i r o n .
Recent  comput er  s i m u l a t i o n  s t u d i e s  have shown t h a t  DSC 
d i s l o c a t i o n s ,  w i t h  a l o c a l i z e d  c o r e ,  s t i l l  e x i s t  in ge ne r a l  
b o u n d a r i e s ,  y e t  no e x p e r i m e n t a l  r e s u l t s  have been r e p o r t e d  
t o  s u p p o r t  t h i s  mode l .  T h e r e f o r e ,  f u r t h e r  r e s e a r c h  in t h i s  
a r e a  w i l l  be n e c e s s a r y  f o r  the c l e a r  u n d e r s t a n d i n g  of  
g e n e r a l  g r a i n  boundar y  s t r u c t u r e .
R e f e r e n c e s
1.  T .  W a t a n a b l e , M e t .  T r a n s . ,  14A,  531 < 1 9 8 3 ) .
2 .  J . P .  Hi r t h , M e t . T r a n s . , 11A, 1501 < 1 9 8 0 ) .
3 .  A.  Roy,  U. E r b ,  and H.  G l e i t e r ,  A c t a  M e t . ,  3 0 ,  1847 
< 1 9 8 2 ) .
4 .  Y . T .  Chou,  B . C.  Cai  , A . D .  Rom i g , J r . ,  and L . S .  L i n ,
P h i l .  M a g . ,  47A,  363 < 1 9 8 3 ) .
5 .  D . J .  B a r t e l  i n k ,  " Gr a i n  B o u n d a r i e s  in Se mi c o n d u c t o r s " ,
H . J .  Leamy,  G. E.  P i k e ,  and C. H.  S e a g e r , E d s . ,
N o r t h  Hoi 1 a n d , N . Y . ,  249 < 1 9 8 2 ) .
6 . G. D.  Mahan,  L . M.  L e u i n s o n ,  and H. R.  P h i l l i p ,
J .  Appl  . Phys.  , 5 0 ,  2799  < 1 9 7 9 ) .
7 .  D. G.  A s t ,  B.  Cunningham and H. S t r u n k ,  " Gr a i n
B o u n d a r i e s  in S e m i c o n d u c t o r s " ,  H . J .  Leamy,  G. E.  P i k e ,  
and C. H.  S e a g e r ,  E d s . ,  N o r t h - H o l 1 a n d , N . Y . ,  167 < 1 9 8 2 ) .
8 . J . M.  B u r g e r s ,  P r o c . Phys.  S o c . ,  London,  5 2 ,  23 < 1 9 4 0 ) ,
9 .  W. L.  Br agg,  P r o c .  Phys.  S o c . ,  London,  5 2 ,  54 < 1 9 4 0 ) .
10.  LI .T.  Read and LI. S h o c k l e y ,  Phys.  R e v . ,  78 275 < 1 9 5 0 ) .
11.  M . L .  Kr onber g  and F . H .  W i l s o n ,  T r a n s .  AI ME,  18,  501
< 1 9 4 9 ) .
12.  D. G.  Br andon,  B. Ranga na t ha n ,  and M. S .  Wa l d ,  A c t a  M e t . ,  
12,  813 < 1 9 6 4 ) .
13.  D. G.  Br andon,  A c t a  M a t . ,  14,  1479 < 1 9 6 6 ) .
14.  S.  Ranga na t ha n ,  A c t a  C r y s t . ,  21 ,  197 < 1 9 6 6 ) .
15.  W. Bo l l ma nn ,  P h i l .  M a g . ,  16,  36 3 ;  383 < 1 9 6 7 ) .
16.  W. Bo l l ma nn ,  " C r y s t a l  D e f e c t s  and C r y s t a l l i n e
I n t e r f a c e " ,  Spr i n g e r - V e r 1a g , N . Y . ,  < 1 9 7 0 ) .
17.  D. H.  W a r r i n g t o n  and W. Bo l l ma nn ,  P h i l .  Ma g . ,  25 ,  1195
< 1 9 7 2 ) .
18.  Y.  I s h i d a  and McLean,  P h i l .  M a g . ,  2 7 ,  1125 < 1 9 7 3 ) .
19.  H.  Gr i mmer ,  S c r i p t a  m e t . ,  8 , 1221 < 1 9 7 4 ) .
8^
85
2 0 .  D . H.  W a r r i n g t o n  and H. Gr i mmer ,  P h i l .  M a g . ,  3 0 ,  461
< 1 9 7 4 ) .
2 1 .  R . Bonnet  and F . D u r a n d , S c r i p t a  M e t . ,  9 ,  935  < 1 9 7 5 ) .
2 2 .  M . A . F o r t e s ,  Phys.  S t .  S o l . ,  82B,  377 < 1 9 7 7 ) .
2 3 .  T . K a r a k o s t a s , G. Nonet  and P.  De 1 au i on i e t te ,
Phys.  S t . S o l . ,  52A,  65 < 1 9 7 5 ) .
2 4 .  H . Gr i mmer ,  W. B o l 1mann and D. H.  Warr  i n g t o n ,
A c t a  C r y s t . ,  30A,  197 < 1 9 7 4 ) .
25 .  P . J .  Goodhew, T . P .  Darby and R.W.  Ba 1 1 u-F-f i ,
S c r i p t a  M e t . ,  10,  495 < 1 9 7 6 ) .
2 6 .  H. Gr immer , Scr  i p t a  M e t . ,  7 ,  1295 < 1 9 7 3 ) .
2 7 .  M . A . F o r t e s ,  P h i l .  M a g . , 2 8 ,  1165 < 1 9 7 3 ) .
2 6 .  M . A . F o r t e s ,  P h i l .  Ma g . ,  30 ,  457 < 1 9 7 4 ) .
2 9 .  P.  Pumphrey and K.M.  B o wk e t t ,  S c r i p t a  M e t . ,  5,
365 <1971)
30 . D . H.  Warr  i ngton and P . Bu-f al  i n i  , Scr  i p t a  Me t . , 5 ,
711 < 1 9 7 1 ) .
3 1 .  M. A.  F o r t e s  and D. A.  S mi t h ,  S c r i p t a  M e t . ,  10,
575 < 1 9 7 6 ) .
32 .  W. B o l 1mann, Phys.  S t .  S o l . ,  21A,  543 < 1 9 7 4 ) .
3 3 .  T .  Schober  and D.W.  W a r r i n g t o n ,  Phys.  S t .  S o l . ,
6A , 103 < 1 9 7 1 ) .
3 4 .  T .  Schober  and R.W.  B a l l u - f f i ,  Phys.  S t .  S o l . ,  44B,
115 < 1 9 7 1 ) .
3 5 .  Y .  I s h i d a ,  J .  Ma t .  Sci  . ,  7 ,  75 < 1 9 7 2 ) .
3 6 .  M . We i n s , B. Cha l mer s ,  H . G1e i t e r  and M . F .  A s h b y ,
S c r i p t a  M e t . ,  3 ,  601 < 1 9 6 9 ) .
37 M. We i ns ,  H. G l e i t e r  and B. Cha l me r s ,  S c r i p t a  M e t . ,
4 ,  737 < 1 9 7 0 ) .
38 .  M. We i n s ,  H. G l e i t e r  and B. Cha l mer s ,  J .  A p p l .  P h y s . ,  
4 2 ,  2 < 1 9 7 0 ) .
3 9 .  R. C.  Pond and Y . Y i t e k ,  P r o c . R.  S o c . London,  357A,
453 < 1 9 7 7 ) .
86
40 .  Y . Yamraguchi  and V . T i t@k„ P h i l .  M a g . , 34 ,  1 < 1 9 7 6 ) .
4 1 .  P . D .  Br i stowe and A.  G. C r o c k e r , P h i l .  M a g . , 31 ,
503 < 1 9 7 5 ) ;  38A,  487 < 1 9 7 8 ) .
42 .  D . A . S mi t h ,  V .  V i t e k  and R. C.  Pond, A c t a  m e t . ,  25 ,
475 < 1 9 7 7 ) .
43 .  A . G . Cr o c k e r  and B. A.  Far  i di  , Ac t a  Me t . ,  2 8 ,  549  
< 1 9 8 0 ) .
4 4 .  P . D .  B r i s t o w e  and A . B . C r o c k e r ,  A c t a  M e t . ,  2 5 ,  1363  
< 1 9 7 7 ) .
4 5 .  D . Wol f  , A c t a  M e t , ,  3 2 ,  245 < 1984)  .
46 .  R. C.  Pond,  D . A.  S m i t h ,  and V . Vi  t e k , A c t a  M e t . ,  27,
235 < 1 9 7 9 ) .
4 7 .  R . C.  Pond and D. A.  S mi t h ,  Can.  M e t .  Q . , 13,  39 < 1 9 7 4 ) .
48 .  P . H .  Pumphrey,  T . F .  Mai  i s and H . G1e i t e r , Ph i 1 . M a g . .
34 ,  227 < 1 9 7 6 ) .
4 9 .  K. Marukawa,  P h i l .  M a g . ,  36 ,  1375 < 1 9 7 7 ) .
50 .  C. B.  C a r t e r  and H. F o i l ,  S c r i p t a  M e t . ,  12,  1135 < 1 9 7 8 ) .
5 1 .  T .  Mai i s  and H. G l e i t e r ,  Phys.  S t .  S o l . ,  5 6 A , KS7 < 1 9 8 1 ) .
52 .  A.  Brokman and R.UI. B a l l u f f i ,  A c t a  M e t . ,  31 ,  1639 < 1 9 8 3 ) .
53 . P.  Lamarre and S . L .  S a s s , Scr  i p t a  Me t . ,  17,  1141 < 1 9 8 3 ) .
5 4 .  J . J .  Baccman, G. S i l v e r t r e ,  W. B o l 1 man, and M. P e t i t ,
Ph i 1 . M a g . , 43A,  189 < 1 9 8 1 ) .
55 .  T .  Forwood and L . M.  C l a r e b r o u g h ,  A c t a  M e t . ,  30 ,  1443  
< 1 9 8 2 ) .
5 6 .  T .  Schober  and R.W.  Bal  1 uf  f  i , P h i l .  M a g . ,  2 0 ,  512 < 19 6 9 ) .
5 7 .  R.W.  Bal  1 u -f -f i , Y.  Komen and T .  Schober ,  S u r f  . Sc i . ,
3 1 ,  6 8  < 1 9 7 2 ) .
58 .  P . A .  B e a v e n , D. A.  S m i t h ,  M. K.  M i l l e r  and G. D. W.  Smi t h ,  
P h i l .  M a g . ,  43A,  1063 < 1 9 8 1 ) .
59 .  W. A . T .  C l a r k  and D. A.  Smi t h ,  P h i l .  M a g . ,  38A,  367 < 1 9 7 8 ) .
6 0 .  W. Bo l l ma nn ,  B. M i c h a n t  and G. S a i n f o r t ,  Phys.  S t .  S o l . ,
8?
13A,  63? < 1 9 7 2 ) .
<61. J . M,  Si 1 c o c k , G. R.  Kegg, and C . A . P .  H o r t e n ,  J .  M i c r o . ,
102 ,  331 < 1 9 7 4 ) .
6 2 .  C . P .  Sun and R.W.  Bal  1 u-f-f i , Ph i 1 . Mag.  , 46A,  49 <1982)  .
6 3 .  R . C.  Pond and D. A.  S mi t h ,  P h i l .  M a g . , 3 6 ,  353 < 1 9 7 7 ) .
6 4 .  P.  Humble and C . T .  Forwood,  Ph i 1.  M a g . , 3 1 ,  1011 < 1 9 7 5 ) .
6 5 .  C . T .  Forwood and P.  Humble,  P h i l .  M a g . , 3 1 ,  1025 < 1 9 7 5 ) .
6 6 . Y .  I sh i da ,  M. Mor i  and F.  l i d a ,  A c t a  M e t . ,  2 5 ,  815 < 1 9 7 7 ) .
6 7 .  M . Mor i and U . I s h i d a ,  S c r i p t a  Me t . ,  12 ,  11 < 1 9 7 8 ) .
6 8 . C . B .  Boot hr oyd  and W.M.  S t ob bs ,  P h i l .  M a g . ,  4 9 ,  L5 < 1 9 8 4 ) .
69 .  P . H ,  Pumphrey,  " Gr a i n  Boundary S t r u c t u r e  and P r o p e r t i e s " ,  
G. A.  Chadwick and D. A.  Smi th Eds.  Academ i c P r e s s , < 1 9 7 6 ) .
70 .  D. H. W a r r i n g t o n  and M. Boon,  A c t a  M e t . ,  23 ,  599 < 1 9 7 5 ) .
71 .  H. G l e i t e r ,  Ph i 1 . M a g . , 3 6 ,  1109 < 1 9 7 7 ) .
7 2 .  P . H .  Pumphrey,  H. G l e i t e r  and P.  Goodhew,  P h i l .  Ma g . ,
3 6 ,  1099 < 1 9 7 7 ) .
7 3 .  V .  V i t e k ,  A . P .  S u t t o n ,  D. A.  Smi th and R. C.  Pond,
P h i l .  M a g . ,  39A,  213  < 1 9 7 9 ) .
74 .  A . P .  S u t t o n  and V.  V i t e k ,  P h i l .  T r a n s .  R.  S o c .
London,  309A,  1 < 1 9 8 3 ) .
7 5 .  G . Bi shop and B . C h a l m e r s , Scr  i p t a  Me t . ,  21 , 133 
< 1 9 6 8 ) .
76 .  M. We i ns ,  B. Cha l me r s ,  H. G l e i t e r  and M . F .  Ashby,
S c r i p t a  M e t . ,  3 ,  601 < 1 9 6 9 ) .
77 .  M . F .  A s h b y , F . S p a e p e n , and W. W i l l i a m s ,  A c t a  M e t . ,
2 6 ,  1647 < 1 9 7 8 ) .
7 6 .  D . A .  S mi t h ,  V . V i t e k  and R. C.  Pon d , Ac t a  Me t . ,  2 5 ,
475 < 1 9 7 7 ) .
79 .  P.  Pumphrey,  S c r i p t a  M e t . ,  6 , 107 < 1 9 7 2 ) .
8 0 .  P.  Pumphrey,  S c r i p t a  M e t . ,  7 ,  895 < 1 9 7 3 ) .
8 1 .  P . R .  H o w e l l ,  D . E .  F l e e t ,  P . I .  We l c h ,  A c t a  M e t . ,
88
2 6 , 149? < 1 9 7 8 ) .
8 2 .  D . E .  F l e e t ,  P . I .  Welch and P . R .  H o w e l l ,  A c t a  M e t . ,
2 6 ,  1479 < 1 9 7 8 ) .
6 3 .  R . S c h i n d l e r ,  J . E . Clemens and R.W.  Bal  1 u-f f  i ,
Phys .  S t . S o l . ,  56 ,  749 < 1 9 7 ? ) .
8 4 .  D . H .  W a r r i n g t o n , J . M i c r o s . ,  102,  301 < 1 9 7 4 ) .
8 5 .  P . R .  H o w e l l ,  A . R .  Jones and B . R a l p h , J . M a t . Sc i . ,
10 ,  351 < 1 9 7 5 ) .
8 6 . P . R .  H o w e l l ,  D . E .  F l e e t ,  B. Ral ph and P.  We l c h ,  P r o c .
4 t h  I n t .  Con-f.  on T e x t u r e  < Cambr i d g e ) , < 1 9 7 5 ) .
8 7 .  J . P .  Hi r t h  and R.W.  B a l l u - f f i ,  A c t a  M e t . ,  2 2 ,  1023 <1974)  .
8 8 . J . P .  Hi r t h  and R.W.  Bal 1 u-f-f i , A c t a  M e t . ,  2 1 ,  929  ( 1 9 7 3 ) .
89 .  T . L .  L i n  and D.  McLean,  Me t .  S c i . ,  2 ,  108 < 1 9 6 8 ) .
9 0 .  Y.  I s h i d a ,  T .  Hasegawa and F.  N a g a t a , T r a n s  JIM
Sup p l e me nt ,  9 ,  504 < 1 9 6 8 ) .
9 1 .  T .  Schober  and R.W.  Bal 1 u-f-f i , P h i l .  M a g . ,  2 4 ,  165 < 1 9 7 1 ) .
9 2 .  T .  Schober  and D. H.  W a r r i n g t o n ,  Phys.  S t .  S o l . ,
6 A,  103 < 1 9 7 1 ) .
9 3 .  G. R.  Kegg,  C . A . P .  H o r t o n ,  and J . M.  Si 1 c o c k , P h i l .  M a g . ,
2 7 ,  1041 < 1 9 7 3 ) .
9 4 .  C . A . P .  H o r t o n ,  J . M.  Si 1 c o c k , and G. R.  Kegg,
Phys.  S t .  S o l . ,  2 6 A , 215 < 1 9 7 4 ) .
9 5 .  D . J .  D i n g l e y  and R . C .  Pond,  A c t a  M e t . ,  2 7 ,  667 < 1 9 7 9 ) .
9 6 .  T . P .  Da r by ,  R. S c h i n d l e r ,  and R. Bal  1 u-f f  i , P h i l .  M a g . ,
3 7 A , 245 < 1 9 7 8 ) .
9 7 .  W . A . T .  C l a r k  and D. A.  S mi t h ,  J . M a t . Sc i . ,  14 ,  776
< 1 9 7 ? ) .
9 8 .  R . C .  Pond,  P r o c .  R. S o c . Lo nde n , 357A,  471 < 1 9 7 7 ) .
99 .  T .  Johanneson and A.  T h o l e n ,  Me t .  Sci  . J . ,  6 , 189 < 1 9 7 2 ) .
100.  A . H .  Ki ng and D. A.  Smi th,  A c t a  C r y s t . ,  36A,  335 < 1 9 8 0 ) .
101.  A . H .  Ki ng and D. A.  Smi t h ,  " D i s l o c a t i o n  M o d e l l i n g  o-f
P h y s i c a l  Sy s t ems " ,  M . F .  Ashby,  R. B u l l o u g h ,  C . S .  H a r t l e y
89
and J . P .  H i r t h  E d s . ,  Pergamon,  544 < 1 9 8 1 ) .
102.  P . H .  Pumphrey and H . G l e i t e r ,  Ph i 1 . M a g . ,  3 0 ,  593 < 1 9 7 4 ) .
103.  K. Smi d i da  and H. G l e i t e r ,  Z.  M e t a l 1 . ,  6 9 ,  81 < 1 9 7 8 ) .
104.  R. A.  >Jar i n , Phys S t .  Sol  . , 5 2 A , 347 < 1979)  .
105.  Y . Komen, A.  G r e e n b e r g , and C . L .  B a u e r , P h y s . S t .  Sol . ,
6 4 A , 317 < 1 9 8 1 ) .
106.  H. Kuhn,  G. Bar o ,  and H. G l e i t e r ,  A c t a  M e t . ,  2 7 ,  959  
< 1 9 7 9 ) .
107.  P.  K1uge-We i ss and H . G1e i t e r , Ac t a  Me t . ,  2 6 ,  117 < 1 9 7 9 ) .
108.  H. G1e i t e r , Scr  i p t a  M e t . ,  1 1,  305 < 1 9 7 7 ) .
109.  R. A.  V a n i n ,  Phys.  S t . S o l . ,  51A,  K189 < 1 9 7 9 ) .
110.  J . P .  H i r t h  and J .  L o t h e , " Theor y  of  D i s l o c a t i o n s " ,  John 
W i l e y  Sons C o . ,  < 1 9 8 2 ) .
111.  C . A . P .  Hor t on  and J . M .  Si 1 c o c k , J .  M i c r o s . ,  102,  339  
<1974)  .
112.  T . Mor i and K . T a n g r i ,  M e t .  T r a n s . , 10 A , 733 < 1 9 7 9 ) .
113.  D. A.  S m i t h ,  M . F .  R a e , and C . R . M.  G r o v e n o r , " Gr a i n  Boun­
d a r y  S t r u c t u r e  and K i n e t i c s " ,  ASM E d . , 337 < 1 9 8 0 ) .
114.  B. N.  Si ngh and T .  L e f f e r s ,  S c r i p t a  M e t . ,  8 , 549 < 1 9 7 4 ) .
115.  L . E . M u r r , R . J .  H o r y l e u ,  and W. N.  L i n ,  Ph i 1 . Ma g . ,
2 2 ,  515 < 1 9 7 0 ) .
116.  E . S .  Ve n k a t e s h  and L . E .  M u r r , M a t . Sc i . E n g . ,  3 3 ,  69
< 1 9 7 8 ) .
117.  L . E .  Mur r  and E . V e n k a t e s h , Me t a l 1o g r a p h y , 11,  61 < 1 9 7 8 ) .
118.  L . E .  M u r r ,  M e t .  T r a n s . ,  6 A,  505 < 1 9 7 5 ) .
119.  ASTM Spec i f  i c a t  i on El  1 2 - 6 3 .
120.  P . B .  H i r t h ,  A.  Howi e ,  R. B.  N i c h o l s o n  and D.W.  P a s h l e y ,  
" E l e c t r o n  M i c r o s c o p y  of  Th i n  C r y s t a l s " ,  Plenum p r e s s ,  
N . Y . ,  < 1 9 6 5 ) .
121.  H . G . F .  W i l s d o r f  and J .  S c h m i t z ,  J .  App1.  P h y s . ,
33 ,  1750 < 1 9 6 2 ) .
90
122.  P . L .  Ryder  and W. P i t s c h ,  P h i l ,  M a g . ,  18,  80? ( 1 9 6 8 ) .
123.  C.  Goux, Bu l l  Du C e r c l e  d ' Et udesMe t a u x , 8 , 1851 < 1 9 6 1 ) .
124.  J . W.  Ed i n g t o n , " P r a c t i c a l  E l e c t r o n  M i c r o s c o p y  in 
M a t e r i a l s  S c i e n c e " ,  Uan N o s t r a n d  R e i n h o l d  C o . ,  < 1 9 7 6 ) .
125 .  C . T .  Yo u n g , J . H .  S t e e l ® , J r . ,  and J . L .  L y t t o n ,
M e t . T r a n s .  4 ,  81 < 1 9 7 3 ) .
126.  D . J . H .  C oc k a y ne , I . L . F .  R a y , and M . J . Whel an ,
Ph i 1 . M a g . , 20 ,  1265 < 1 9 6 9 ) .
127.  D . E .  B a r r y  and S.  Mahaj  an , Ph i 1 . Ma g . ,  23 ,  727  
< 1 9 7 1 ) .
128.  A . J . A r d e l l  and R. C.  McDonal d,  P h i l .  M a g . ,  2 9 ,  1413  
< 1 9 7 4 ) .
129.  C. B.  C a r t e r ,  P h i l .  Ma g . ,  41A,  619 < 1 9 8 0 ) .
130.  M. H.  L o r e t t o ,  P h i l .  M a g . ,  10,  467 < 1 9 6 4 ) ;  12,  125 
< 1 9 6 5 ) .
131.  P . R .  Swann,  A c t a  M e t . ,  14,  76 < 1 9 6 6 ) .
132.  S.  A m e l i n c k x ,  P h i l .  Ma g . ,  1,  269 < 1 9 5 6 ) .
133.  W. T .  Read,  " D i s l o c a t i o n s  in C r y s t a l s " ,  M c G r a w - H i l l ,
< 1 9 5 3 ) .
134.  C. B.  C a r t e r  and H. F o i l ,  " D i s l o c a t i o n  M o d e l l i n g  o-f 
P h y s i c a l  Sys t ems" ,  M . F .  Ashby,  R. Bui l o u g h ,  C . S .  H a r t l e y  
and J . P .  H i r t h  E d s . ,  Pergamon p r e s s ,  554 < 1 9 8 1 ) .
135.  C. B.  C a r t e r  and S. M.  Holmes,  P h i l .  M a g . ,  3 5 ,  1161 
< 1 9 7 ? ) .
136.  H.  G l e i t e r  and H . P .  K l e i n ,  P h i l .  M a g . ,  2 7 ,  1009 < 1 9 7 3 ) .
137.  6 . P a c k e i s e r  and H . P .  K l e i n ,  P h i l .  M a g . ,  42A,  661 < 1 9 8 0 ) .
138.  K . S .  Raghv an , A . S .  S a s t r i ,  and M . J .  Mare i kowsk i ,
T r a n s .  A I M E , 2 4 5 ,  1569 < 1 9 6 9 ) .
139.  L . S .  Bus hne v , F i z .  Me t .  M e t a l l o v e d . ,  3 2 ,  1131 < 1 9 7 1 ) .
140.  S.  M a h a j a n , Phys.  S t .  S o l . ,  2A,  187 < 1 9 7 0 ) .
141 .  C . T .  Forwood and P.  Humble,  P h i l .  M a g . ,  3 1 ,  1025 < 1 9 7 5 ) .
142.  C . S .  H a r t l e y  and D . L . A .  Bl a chon ,  J .  A p p l .  P h y s . ,
91
4 9 ,  4788 < 1 9 7 8 ) .
143.  J . 6 . EM i ngs and F. W.  Sc h a p i n k ,  S c r i p t a  M e t . ,
11,  427 < 1 9 7 7 ) .
144.  J . G .  E r l i n g s  and F. W.  Sc h a p i n k ,  P h y s . S t . S o l . ,
46A,  653 < 1 9 7 8 ) .
145.  R . F .  S c o t t  and P . J .  Goodhew,  P h i l  M a g . ,  4 4 ,  373 < 1 9 8 1 ) .
146.  J . J . C .  Hamel ink and F. W.  Schap i n k , Ph i 1 . Ma g . ,
44A,  1219 < 1 9 8 1 ) .
147.  A . R . T h o l e n ,  Phys.  S t .  S o l . ,  2A,  537 < 1 9 7 0 ) .
148.  R.W.  Bal 1 u-f-f i , S . L .  Sass and T . Schober  , Ph i 1 . Mao.  ,
26 ,  585 < 1 9 7 2 ) .
149.  D . Y .  Guan and S. L.  Sass,  P h i l .  M a o . .  2 7 ,  1211;
1225 < 1 9 7 3 ) .
150.  S . L .  S a s s , T . Y .  Tan and R.W.  Bal 1 u -f -f i , Ph i 1 . Ma g . ,
31 ,  559 < 1 9 7 5 ) .
151.  T . Y .  Ta n ,  S . L .  S a s s , and R.W.  Bal 1 uf-f i , Ph i 1 . Ma o . ,
31 ,  575 < 1 9 7 5 ) .
152.  C . T .  Forwood and L . M.  C l a r e b r o u g h ,  P h i l .  Ma o . ,
36 ,  1131 < 1 9 7 7 ) .
153.  C. B.  C a r t e r ,  A. M.  D ona l d ,  and S . L .  Sass,  P h i l .  Ma g . ,
3 9 A , 533 < 1 9 7 9 ) .
154.  E . L .  H a l l ,  J . L .  W a l t e r ,  and C . L .  B r i a n t ,  P h i l .  Ma g . ,  
4 5 A , 753 < 1 9 8 2 ) .
155.  L . M.  C l a r e b r o u g h  and C . T .  Forwood,  P h i l .  Ma g . ,
41A , 783 < 1 9 8 0 ) .
156.  A . R .  Jones ,  P . R .  Howel l  and B. R a l p h ,  P h i l .  M a g . ,
3 5 A , 603 < 1 9 7 7 ) .
157.  A . H .  Ki ng and F . R .  Chen,  Ma t .  S c i . E n g . ,
6 6 , 227 < 1 9 8 4 ) .
158.  L . C .  Lim and R.  R a j ,  A c t a  M e t . ,  32 ,  1183 < 1 9 8 4 ) .
159.  L . C .  Lim and R. R a j ,  A c t a  M e t . ,  3 2 ,  1177 < 1 9 8 4 ) .
160.  6 . H.  B i s hop ,  W.H.  H a r t t  and G.Q.  Bruggeman,
A c t a  M e t . ,  19,  37 < 1 9 7 1 ) .
92
161.  W.R.  Wagner ,  T . Y .  Tan and R.W.  B a l l u f - f i ,  P h i l .  Ma g . ,
2 9 ,  895 < 1 9 7 4 ) .
162.  M. S .  M a s t e l l e r  and C . L .  Baue r ,  P h i l .  M a g . ,
38A,  697 < 1 9 7 8 ) .
163.  H. C.  Eaton and R . J .  B a y u z i c k ,  J .  A p p l .  P h y s . ,
50 ,  1267 < 1 9 7 9 ) .
164.  D.  Vanghan,  P h i l .  M a g . ,  2 2 ,  1003 < 1 9 7 0 ) .
165.  S.  S a r g e a n t ,  T r a n s .  A I M E . ,  2 4 2 ,  1188 < 1 9 6 8 ) .
93
1001]
F i g .  i DSC l a t t i c e  ■for E0013 t w i s t  b o u n d a r i e s .
94
F i g .  2 A TEM b r i g h t  f i e l d  image o f  a g r a i n  boundar y  in 
n i c k e l  a f t e r  a n n e a l i n g  a t  8 0 0° C.
95
F i g .  3
E l e c t r o n  d i f  -f r ac  t  i on p a t t e r n s  o i  g r a i n  1 <<a> and <c>)  and 
g r a i n  2  <<b)  and <d>) shown in F i g .  2 . the beam d i r e c t i o n s  
ar e  <a> Ax [ 2 1 1 ] ,  <b> A2  [ - 2 . 6 8  2 . 5 4  1 ] ,  <c> B, [ 4 . 4 8  - 2 . 0  1 ] ,  
and <d) B2  [ 2 . 7 4  - 6 . 8 7  1 ] ,  where the
s u b s c r i p t s  1 and 2 re- fer  t o  g r a i n s  1 and 2 .  The t i l t  angl e  
used -for <a> and <b> was changed to produce the p a t t e r n s  
o-f ( c )  and ( d ) .
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F i g .  4 G r a p h i c a l  d e t e r m i n a t i o n  o f  t h e  m i s o r i e n t a t i o n  a x i s / '  
a n g l e  o f  t he  g r a i n  b o u n d a r y  shown i n  F i g .  2 f r o m  two 
p a i r s  o f  beam d i r e c t i o n s  A i A2 and B i B ^ .  The 
m i s o r i e n t a t i o n  i s  c l o s e  t o  C l l l D / 6 0 9 .
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F i g .  5 T r a c e  a n a l y s i s  o-f the o r i e n t a t i o n  o-f the boundar y  p l a n e  
shown in F i g .  2 .  The boundary  normal  i s  [ 1 1 1 3 .
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F i g .  6
T r a c e  a n a l y s i s  o-f the l i n e  d i r e c t i o n s  o-f g r a i n  boundary  
d i s l o c a t i o n  n e t w o r k s  1,  2 ,  3 ,  and 4 shown in F i g .  2 .
The l i n e  d i r e c t i o n s  o-f s e t s  1* 2 ,  3 ,  and 4 a r e  c l o s e  to  
C l S l ] ,  C1T2 3 ,  C2113,  and C 0 I 1 3 ,  r e s p e c t i v e l y .
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F i g .  7
An o p t i c a l  m i c r o g r a p h  o-f the a s - r e c e i v e d  n i c k e l  spec imen.
TEM m i c r o g r a p h s  o f  t w i n  boundar y  s t r u c t u r e  in a s - r e c e i v e d  
n i c k e l  showing the d e f e c t  c o n t e n t  c h a ng i ng  f rom one g r a i n  
t o  a n o t h e r .
<a> A b r i g h t  f i e l d  many-beam m i c r o g r a p h  of  a t wi n
boundar y  showing the i n t e r a c t i o n  o f  l a t t i c e  d i s l o c a t i o n  
w i t h  the b o u n d a r y .
<b) A b r i g h t  f i e l d  many-beam m i c r o g r a p h  o f  a t w i n
s t r u c t u r e  showing the h i gh  d e n s i t y  o f  d i s l o c a t i o n s  in 
both c o h e r e n t  and i n c o h e r e n t  boundary  segment s.
<c> A b r i g h t  f i e l d  two-beam image o f  a t wi n  b o u nd ar y .
The d i f f r a c t i o n  v e c t o r ,  g = E 0 2 2 ] , i s  common t o  both  
g r a i n s .  Note  the l a c k  o f  t h i c k n e s s  f r i n g e s  in the  
c o h e r e n t  boundary  segment s.
<d> A weak beam da rk  f i e l d  image and ( e )  A b r i g h t  f i e l d  
two-beam image of  a t wi n  b ounda r y .
Note  the d i s l o c a t i o n s  D ar e  i n v i s i b l e  a t  g = [ 2 2 0 3 .
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( a )  
<c>
TEM m i c r o g r a p h s  o f  a n e a r - t w i n  boundar y .
and <b) B r i g h t  - f i e l d  images showing two s e t s  o f  DSC d i s l o c a t i o n s .  
A b r i g h t  f i e l d  image of  the same boundary  shown in <a) and < b ) ,  
showing the m oi re  f r i n g e s  which are  p a r a l l e l  to  the  
common d i f f r a c t i o n  v e c t o r .
o
F i g .  10 B r i g h t  - f i e l d  two-beam images o-f a near  £27  boundary
showing the i n t r i n s i c  d i s l o c a t i o n s ,  e x t r i n s i c  d i s l o c a t i o n s  
and l e d g e s . 106
F i g ,  11 B r i g h t  - f i e l d  images o-f a low a ng l e  g r a i n  boundary
showing the h igh d e n s i t y  o-f l e d g e s .  Note  the m o i f e  - f r i ng e s  in 
<b) c l e a r l y  map out  the l e dg es  shown in < a ) .
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F i g .  12 TEM m i c r o g r a p h s  o-f a near  Z33 bo unda ry ,
<a> A weak-beam dark  - f i e l d  image and (b> a b r i g h t  f i e l d  image 
showing i n t r i n s i c  d i s l o c a t i o n s  and high d e n s i t y  of  l e d g e s .
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F i g .  13 An o p t i c a l  m i c r o g r a p h  o-f n i c k e l  - fo i l  a n n e a l e d  
a t  800 °C -for 1 hour .
I l l
F i g .  14
The b r i g h t  - f i e l d  two-beam images o-f a t wi n boundary  
showing hexagonal  d i s l o c a t i o n  n e t w o r k s  in <a) g 2= [ i l l 3 ,  
<b> g 1«=C2203, <c)  g i = C 1 3 1 3 ,  <d> q » = C 1133 , and 
( e )  g ^ t O G Z l .  Note  t h a t  one s e t  o-f d i s l o c a t i o n s  is  
i n v i s i b l e  in <b>,  < c ) ,  and < d ) .  A s c h em at i c  d i ag r am  
i l l u s t r a t i n g  the s t r u c t u r e  i s  shown in ( - f ) .
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F i g .  15
B r i g h t  ■ f ie ld  images o-f a t wi n  boundary  showing the  
hexagonal  d i s l o c a t i o n  n e t w o r k s .  Note  in <b> the image 
c o n t r a s t  i s  the same in both g r a i n s  under  the common 
d i -f i  r a c  t i on imaging c o n d i t i o n ,  the d i s s o c i a t i o n  r e a c t i o n  
o-f an i m p i n g i n g  l a t t i c e  d i s l o c a t i o n  D i s  i n d i c a t e d  by an 
a r r o w .  D i s l o c a t i o n  D i s  i n v i s i b l e  in <a>.
I l k
F i g .  16
B r i g h t  ■ f ie ld  two-beam images of  a t wi n  bo undar y  showing  
hexagonal  d i s l o c a t i o n  n e t w o r k s .  Note  t h a t  some segments  of  
the a bs or be d l a t t i c e  d i s l o c a t i o n s  such as AB show weak 
con t r a s t .
GRAIN 2
F i g .  17 B r i g h t  - f i e l d  images o-f a n e a r - t w i n  boundary showing e x t r i n s i c  
hexagonal  d i s l o c a t i o n  ne t wo r ks  super imposed on the i n t r i n s i c  
d i s l o c a t i o n  a r r a y s ,  ( a )  g2= [ 0 0 2 3  ( b )  g t =C0223 ( c )  g t = [ 50 2 3  
<d> g 1 = [ l l l 3 .  N o t i c e  the d i s s o c i a t i o n  r e a c t i o n s  o-f the  
i mp i n g i n g  l a t t i c e  d i s l o c a t i o n s  A,  B, C, D, E ? and F.
<e) and ( -f) B r i g h t  - f i e l d  images o-f the o t h e r  r e g i o n  in the same 
boundary  shown in ( a ) - ( d ) .  N o t i c e  t h a t  d i s l o c a t i o n  s e t  2 has 
o r i e n t e d  toward to  be p a r a l l e l  t o  the d i s l o c a t i o n  s e t  4 .
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F i g .  18
B r i g h t  • f i e l d  images o-f a t w i n  bo unda ry  showing hexagonal  
d i s l o c a t i o n  n e t w o r k s  and d i s l o c a t i o n  a r r a y s .  N ot e  the  
d i s s o c i a t i o n  r e a c t i o n s  o f  l a t t i c e  d i s l o c a t i o n s  A and B.
- S'  '
F i g .  19 B r i g h t  ■ f ie ld  image o f  a n e a r - t w i n  boundary  showing the hexagonal  
d i s l o c a t i o n  n e t wo r k s  and d i s l o c a t i o n  a r r a y s .  The d i s s o c i a t i o n  
r e a c t i o n s  o f  the i m p i n g i n g  l a t i c e  d i s l o c a t i o n s  are  i n d i c a t e d  
by the a r r o w s .  The d i s l o c a t i o n  s t r u c t u r e  shown in ( b )  and ( c )  is  
a n o t h e r  r e g i o n  of  the same boundary shown in < a ) .  Note  the change  
of  the d i s l o c a t i o n  s p a c i n g  and t o p o gr a ph y .
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F i g .  20 B r i g h t  - f i e l d  images o-f a n e a r - t w i n  boundary < C110 J / l  10 .5  °)
w i t h  boundary p l a n e  < l l l ) i  showing a r r a y s  o-F DSC d i s l o c a t i o n s .

F i g .  21 The a t omi c  p o s i t i o n s  o-f two -fee l a t t i c e s  in the S3 o r i e n t a t i o n  are  
shown p r o j e c t e d  a lo n g  the m i sor  i en t a t  i on a x i s  C1103,  , 2/ 1 0 9 . 5 ° . The 
- f i l l e d  symbols r e p r e s e n t  p o s i t i o n s  in l a t t i c e  1 and the open symbols  
in l a t t i c e  2 .  the c i r c l e s  r e p r e s e n t  p o s i t i o n s  in the < 1 1 0 ) ,  p l an e  
and the t r i a n g l e s  a re  the s i t e s  o-f ± a / 4  [ 1 1 0 3 ,  out  o-f the <110)  
p l a n e .  The DSC v e c t o r s  a r e  g i ve n  as b , , b2 and b3 ,
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F i g .  22 B r i g h t  - f i e l d  images o-f a n e a r - t w i n  boundary showing t h r e e  s e t s  
o-f i n t r i n s i c  d i s l o c a t i o n s  ( i n d i c a t e d  by p a r a l l e l  l i n e s  drawn on 
( a )  and <b>>.  <c> shows a b r i g h t  f i e l d  many-beam image r e v e a l i n g  
the w i d e l y  spaced d i s l o c a t i o n  a r r a y s .  Note  the d i s l o c a t i o n  r e a c t i o n s  
of  the i m pi n g i n g  l a t t i c e  d i s l o c a t i o n s  A,  B, C, D, and E. +7
21
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F i g .  23 B r i g h t  - f i e l d  m i c r o g r a p h s  o-f a n e a r - t w i n  boundary  
showing the imaging - f e a t u r e s  o-f the hexagonal  
d i s l o c a t i o n  n e t w o r k s .  Note  the p a r a l l e l  d i s l o c a t i o n  
a r r a y  shown in <b) i s  i n v i s i b l e  in < a ) .
b
F i g .  24 B r i g h t  - f i e l d  m i c r o g r a p h s  o-f a n e a r - t w i n  boundary  showing the  
imaging f e a t u r e s  o f  the hexagonal  d i s l o c a t i o n  n e t w o r k s .
<a) g = C 20 0 ] ,  <b> many-beam c o n d i t i o n ,  <c) g= C111 3 .
No t e  t he  s t r o n q  c o n t r a s t  o f  C l l O l  f r i n q e s .  ~“ ~ rO-nJ
,4v
F i g .  25 B r i g h t  - f i e l d  two-beam images o-f a n e a r - t w i n  boundary  showing  
the image - f e a t u r e s  o f  hexagonal  d i s l o c a t i o n  n e t w o r k s .
< a)  g , = I f 3 ,  ( b ) g 1 = l l l ,  < c ) g 2= l l l .  N o t i c e  t h e  s t r o n g
o f  [ 1013 f r i n g e s  shown i n < b > a n d < c > .  ~
'O

F i g .  26  B r i g h t  - f i e l d  images o-f a n e a r - t w i n  boundary showing the image 
f e a t u r e s  o f  hexagonal  d i s l o c a t i o n  n e t w o r k s .  N o t i c e  the moi re  
f r i n g e s  p a r a l l e l  t o  the g v e c t o r  which c o m p l i c a t e  the r e a l  
d i s l o c a t i o n  s t r u c t u r e  shown in <b) and <c>.
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F i g . 27 A b r i g h t  - f i e l d  many-beam image o-f a smal l  t wi n  
showing i n t r i n s i c  d i s l o c a t i o n s  and m i cro-f ace t s  .
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F i g .  28 A b r i g h t  - f i e l d  man y-beam image o-f a smal l  t w i n .
r - r
F i g .  29 B r i g h t  - f i e l d  two-beam images o-f a Z29 boundary  showing  
t h r e e  s e t s  o-f DSC d i s l o c a t i o n s  in ( a ) ,  <b) and < c ) .
<d)  A shem at i c d i a g r a m  o-f t he  d i s s o c i a t i o n  r e a c t i o n s  o-f 
l a t t i c e  d i s l o c a t i o n s  B and D.
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F i g .  30
E l e c t r o n  d i f  f  r a c  t i on p a t t e r n s  o f  two g r a i n s  in the  
Z 29 boundar y  shown in F i g .  2 9 .  The beam d i r e c t i o n s  a r e  
B i = C l 2 5 ]  and B2 = [ 0 l T ] ;  the s u b s c r i p t s  1 and 2  r e f e r  
t o  g r a i n s  1 and 2 .
1 38
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F i g .  31 T r a c e  a n a l y s i s  o-f the boundar y  p l a n e  in the Z29  
bo unda ry  shown in F i g .  2 9 .
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F i g .  32 T r a c e  a n a l y s i s  o-f the l i n e  d i r e c t i o n s  o-f i n t r i n s i c  
d i s l o c a t i o n  s e t s  1,  2 and 3 in the £ 29  boundary  
shown in F i g .  2 9 .
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F i g .  33 A b r i g h t  - f i e l d  image o f  a h i gh  a n g l e  g r a i n  b o u nd ar y .
No i n t r i n s i c  d i s l o c a t i o n s  c o u l d  be r e s o l u e d  in t h i s  
b o u n d a r y .
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F i g .  34 An o p t i c a l  m i c r o g r a p h  o f  n i c k e l  a n n e a l e d  a t  1000°C  
f o r  1 h o u r .
F i g .  35 B r i g h t  -f i © 1 d I mages o-f a t wi n b o u nd ar y ,  (&> g2»C 1 1 1 ] ,  
<b> gz= 2 0 2 . N o t i c e  the ( l l T ) i  boundary  p l a n e  is  
out  o-f c o n t r a s t  w h i l e  the < 1 1 2 ) t p l a n e  showing  
s t a c k i n g  - f a u l t  l i k e  - f r i n g e s  in < b ) .
143
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F i g .  3 6 B r i g h t  - f i e l d  images o-f a t wi n  boundary  showing
■faceted bo undar y  p l a n e s .  <a) many-beam c o n d i t i o n ,  
<b> two-beam c o n d i t i o n ,  g i = C T l l ] .
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F i g .  37 B r i g h t  - f i e l d  images o-f a t wi n boundary showing - faceted
boundary  p l a n e s .  N o t i c e  the boundary p l a n e s  A and 6 were out  
o-f c o n t r a s t  w h i l e  a l l  the o t h e r  - facets  showing d i s p l a c e m e n t  
f r i n q e s  in <b) and < c ) .
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F i g .  3? <a> R e a c t i o n  o f  CA and AB to form a KsPs node p a i r  
<b> The Ks and Ps nodes e x t e n d e d  t o  form the  
e x t r i n s i c  and i n t r i n s i c  s t a c k i n g  f a u l t s .
<c> F u r t h e r  e x t e n d e d  to  form the hexagons.
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S I C  A /  B I 
A /  B /  a  A /
C /  A/....... 6 ...... C /
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F i g .  4 0 ( a )  The s t a c k i n g  sequence -for a Z1 b o u n d a r y .  The
i n t r o d u c t i o n  o-f a / 6 <1 1 2 > p a r t i a l  d i s l o c a t i o n s  in 
the s t a c k i n g  sequence w i l l  r e s u l t  s t a c k i n g  f a u l t s .  
<b) The s t a c k i n g  sequence o f  a S3 bo undar y  a f t e r  the  
i n t r o d u c t i o n  o f  two p a r t i a l  d i s l o c a t i o n s ,  n o t i c e  
the s t a c k i n g  f a u l t  i s  removed and the boundary  
has moved up by a s i n g l e  s t e p  or  two.  ( 1 3 4 )
150
c 8  8 b
CB
b8  8 a
(a) (b)
c8 8 b
'  bS 8 a
CB
— TWIN
BOUNDARY
PLANEb8  8 a
(c) (d)
F i g .  41
F o r m a t i o n  mechanism o-f a n o d e - p a i r  ( 1 3 7 ) :
( a )  T w o  d i s l o c a t i o n s  o n e  l y i n g  o n  t h e  t w i n n i n g  p l a n e  a n d
the o t h e r  l y i n g  on a s l i p  p l a n e  p a r a l l e l  t o  t h e  t w i n n i n g  
p l a n e  i n t e r a c t  w i t h  each o t h e r .
<b) I n t r i n s i c  node and j o g  -formed.
<c> D i s l o c a t i o n  r e a c t e d  by j o g  movement .
<d> P l a n e  n o d e - p a i r  - formed.
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( a ) ( b )
(c )
F i g .  42 The i n t e r a c t i o n  o-f two s e t s  o-f a/ 6  <112> d i s l o c a t i o n s  
<a)  t o  form hexagonal  n e t w o r k s  <b> and < c ) .
F i g .  43
Sc he mat i c  p r o j e c t i o n  a l o n g  [0113  o-f the u n r e l a x e d  
a t om ic  s i t e s  in a t w i n  g r a i n  s ur r o u n d e d  by i t s  m a t r i x  
T r i a n g l e s  and c i r c l e s  r e p r e s e n t  s i t e s  in the A B A B . . .  
s t a c k i n g  sequence a l o n g  C0 1 T3 . F i l l e d  symbols  
r e p r e s e n t  c o i n c i d e n c e  s i t e s  <?8 >.
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